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FOREWORD 


The purpose of this Student’s Guide is to assist you through 
Special Circuits, UNIT III, of the Advanced First-Term 
Avionics Course. The proper use of this guide will sharpen your 
theoretical troubleshooting skills and also aid you in labor- 
atory situations later on in the AFTA course, particularly in the 
RADAR Unit. 

The table of contents lists the page numbers for the class 
schedule, homework schedule, information sheets, and notetaking 
sheets that will further enhance your abilities and skills as 


electronics technicians. 



SAFETY NOTICE 


As a Marine or Navy electronics technician, you will be required 
to perform safe and efficient maintenance on various types of 
electronic equipment. Not only your life, but the lives of 
many others will depend on your being conscious of safety at 
all times. It is the responsibility of all Navy and Marine Corps, 
personnel to prevent accidents. This can be done if everyone is 
conscientious about safety and observes all precautions when 


performing maintenance of any type. 


ii 



HOW TO USE THIS STUDENT'S GUIDE 


This Student's Guide has been prepared for you to use while you 
are attending the Advanced First-Term Avionics (Al) Course. 
Ample space has been provide for taking notes on the required 
lesson information. Remember, when you are in class, the in- 
formation being provided by your instructor is information you 
will need in performing your Navy or Marine job. 

This volume contains the following: 

1. Information Sheets for some topics, to provide additional 
material for more difficult lessons. 

2, Notetaking Sheets containing lesson topic outlines with 
illustrations and ample space for personal notetaking. 
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UNIT Eir CLASS SCHEDULE 


Unit III is two weeks long and starts in the middle of the fifth 
day of the fourth week. The periods run from 157 to 236 with the 
last period finishing half-way through the last day of the sixth 


The schedule is as follows: 

TOPIC NO. TYPE PERIOD TOPIC 

FOURTH WEEK 


Fifth Day 

2.17 Class 153 

154 

155 

156 

3.1 Class 157 

158 

159 

160 


Unit/Module Test: Written 
Examination 


Power Supply Rectifiers 


FIFTH WEEK 


First Day 


3.1 


3.2 


Class 161 

162 

163 

164 

Classs 165 

166 

167 

168 


Power Supply Rectifiers 


Power Supply Filters 


Second Day 

3 . 2 Class 169 

170 

171 

172 

3.3 Class 173 

174 

175 

176 


Power Supply Filters 


Power Supply Regulators 
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TOPIC NO, TYPE PERIOD 


TOPIC 


Third Day 

3 . 3 Class 177 

178 

179 

180 
181 
182 

3.4 Class 183 

184 


Power Supply Regulat* 

Power Supply Regulators 

Audio-Frequency Power Ampli 
tiers 


Fourth Day 

3 . 4 Class 185 

186 

187 

188 

3.5 Class 189 

190 

191 

192 


Audio-Frequency Power Ampli 
£ iers 


Osc i 1 la tors 


Fifth Day 


Class 

193 


194 


195 


196 

Class 

197 


199 

Class 

200 


Osc i 1 lators 

Unit/Module Test: Written 
Examination 

Nonsinusodial Waveforms 


SIXTH WEEK 


First Day 

3.6 Class 201 

3.7 Class 202 

203 

204 

205 

206 

3.8 C lass 207 

208 


Nonsinusodial Waveforms 
Wave-Shaping Circuits 


Sweep Generators 
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TOPIC NO 


TYPE 


PERIOD 


TOPIC 


3.8 Class 209 Sweep Generators 

210 

211 

212 

213 

214 

215 


Third Day 


3.9 

Class 

217 

218 

Limiters 

3.10 

Class 

219 

220 

Clampers 

3.11 

Class 

221 

222 

Blocking Oscillators 

3.12 

Class 

223 

224 

Multivibrators 

Fourth Day 

3.12 

Class 

225 

226 

227 

228 

229 

230 

231 

232 

Multivibrators 

Fifth Day 


Class 

233 

234 

235 

236 

Unit/Module Tests Written 
Examination 

4.1 

Class 

237 

238 

Duty Preference Cards 

4.2 

Class 

239 

Radio Frequency Power Ampli 


tiers 
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UNIT III HOMEWORK SCHEDULE 


All of the assignment sheets listed below shall be 
due. Each assignment sheet will be checked by an 
completeness and correctness. Failure to turn in 
sheet could result in disciplinary action. 


Assignment Sheet 

Period Due 

3.1. 1A 

169 

3.2.2A 

177 

3.3.1A 

185 

< 

— i 

m 

193 

3 . 5 . 1A 

196 

3.6.1A 

209 

3.7.1A 

209 

3.8 . 1A 

217 

3.9.1A 

225 

3. iU. 1A 

225 

3. 11. .LA 

225 

3. 12 . 1A 

233 


turned in when 
nstructor for 
n assignment 
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TERMINAL OBJECTIVE 


5,0 Mathematically ANALYZE operating characteristics of given 
basic semiconductor power supplies by solving problems in 
terms of voltage, impedance, current, and frequency. Re- 
sponse must be in accordance with Electronic Circuits Man- 
ual, NAVSEA 0999 6*7 -LP-000-0120 s e rlesT '"1" eFfo ririaiT^j"^ FT f 

be measured by a written multiple-choice examination. A 
formula sheet will be provided. 

ENABLING OBJECTIVES 


5.1. 


5.2 


Mathematically ANALYZE the operating characteristics of 
?M^ en con< ^ UG tor rectifier and filter circuits of SOLV- 

NG problems m terms of voltage, current, impedance, and 
frequency. Response must be in accordance with Electronic 
Circuits Manual, NAVSEA 0967-LP-000-0120 ser ies PiTFor-” “ 

measured by a written multiple-choice exam- 


mance will be 

ination. A formula sheet will be provided. 


Mathematicalally ANALYZE the operating characteristics of 
given semiconductor voltage regulator circuits by SOLVING 
problems in terms of voltage, current, impedance, and 
frequency. Response must be in accordance with Electronic 
Circuits Manual, NAVSEA 0967-LP- 000-0120 ser ies7“" Parlor- 
mance will be measured by a written multiple-choice exam- 
ination, A formula sheet will be provided. 
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TERMINAL OBJECTIVE 


6.0. Mathematically ANALYZE the operating characteristics of 

given semiconductor amplifiers and oscillators by solving 
problems in terms of voltage, current, impedance and fre- 
quency. Response must be in accordance with Electronic 
Circuits Manual , NAVSEA 0967-LP-000-0120 series. Perfor- 
mance will be measured by a written multiple-choice exam- 
ination. A formula sheet will be provided. 


ENABLING OBJECTIVES 

6.1. Mathematically ANALYZE the operating characteristics of 
given semiconductor AF amplifiers by SOLVING problems in 
terms of voltage, current, impedance, power, and fre- 
quency, Response must be in accordance with E lectron ic 
Circuits Manual , NAVSEA 09 6 7-LP-00 0-0 1 20 series. Per- 
formance will be measured by a written multiple-choice 
examination. A formula sheet will be provided. 

6.2. Mathematically ANALYZE the operating characteristics of 
given semiconductor oscillators by SOLVING problems in 
terms . of voltage, current, impedance, and frequency. 
Response must be in accordance with E lectronic Circuits 
Manual , NAVSEA 09 67-LP-000-0 1 20 series. Performance will 
be measured by a written multiple-choice examination. A 
formula sheet will be provided. 

6.3. Mathematically ANALYZE the operating characteristics of 
crystal controlled oscillators by SOLVING problems in 
terms of voltage, current, impedance, and frequency. 
Response must be in accordance with Electronics Circuits 
Manual , NAVSEA 09 67-LP-00 0-0-1 20 series. Performance 
will be measured by a written multiple-choice examination. 
A formula sheet will be provided. 
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TERMINAL OBJECTIVE 


7.0. Mathematically ANALYZE the operating characteristics of 

given basic semiconductor waveshaping circuits by solving 
problems in terms of voltage, current, impedance, and fre- 
quency. Response must be in accordance with Electronic 
Circuits Manual , NAVSEA 0967-LP-000-0120 series. Perfor- 
mance will be measured by a written multiple-choice exam- 
ination. A formula sheet will be provided. 


ENABLING OBJECTIVES 

7.1. Mathematically ANALYZE the operating characteristics of 
given basic semiconductor pulse- forming circuits by 
SOLVING problems in terms of voltage, current, impedance, 
and frequency. Response must be in accordance with Elec- 
tronic Circuits Manual , NAVSEA 0967-LP-000-01 20 series. 
Performance will be measured by a written multiple-choice 
examination. A formula sheet will be provided. 

7.2. Mathematically ANALYZE the operating characteristics of 
given semiconductdor relaxation oscillators by SOLVING 
problems in terms of voltage, current, impedance, and 
frequency. Response must be in accordance with Elec- 
tronics Circuits Manual , NAVSEA 0967-LP-000-01 20 series. 
Performance will be measured by a written mult iple— choice 
examination. A formula sheet will be provided. 
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INFORMATION SHEET 3. 1.1 1 
POWER SUPPLY RECTIFIERS 


introduction 


Rectifiers are used to ^^^ire^f of the operationff electrical 
current to provide the pow ' of rectifiers exist, and 

and electronic equipment. Several typ^ ^ ^ equipment. The d-c 

selection is based upon L ^! r b | either positive or negative, depend- 
output of a power supply can be ei P be a pulsating d-c 

^ t r n (rKfefaf wllf re guf e some type of filtering. 


references 

I NAVPERS 100B7-C. Chapter 5. 

1. Basic El ect rorucs, Vol. I. N * virr 

. navSFA 0967-LP-000-01 20 . Chapter 2 , pages 

2. Electro nic Circuits . NAVSEA 

2-1 through 2-74 . 

_ nct-orhpl d Essentia ls of 

3. Slurzberg, Morris, and Wil ° N ew lortT McGraw-Hill Book 

4. Slurzberg, . Morris and Willi. i OsterbeW, Book 

S. 


INFORMATION 
SINE WAV E J7ALUES 



FIGURE 3. 


1 



In figure 1, the sine-wave values indicated are the ones most often 
used. These are the peak ( Epk ) value, the rms (B rms ) value (also 
called effective value), the average (E aV g) value, and the 
peak-to-peak (Ep k _p k ) value. Peak, rms, and average voltage are 
values of an alternation of the cycle. An understanding of their 
relationships to each other is vital to understanding the power 
supply theory. 


The relationships of voltages are as follows: 

1. E pk is the maximum instantaneous value of one alternation of 
current: one-half of the peak-to-peak value. 

^ * E rms the effective value, which is 70.7 percent of the peak 
value. RMS, or effective, is the a-c value of voltage that will 
produce the same heating effect as a d-c voltage. 

3 * E avg is the average voltage value of one alternation of current 
and is equal to 63.7 percent of the peak value or 00 percent of 
the rms value. 


JJsed I n _Connec t ion jwi Ui__Rec t i f ier Circuits 


1 . E 


sec 


2 . 

3 . 

4 . 

5 . 
6 . 


■— the r,ns volta 3 e Induced into the secondary winding o£ the 
power transformer. J 

Esec pk““ the peak voltage induced into the secondary windinq of 
the power transformer. d 

d!odes' h and m the U Ioad' l " SeCnndarv windi "9- diode or 

Eci-c "“the average value of the waveform at the cathode (s) nf 

*•»>' « » *>* 

T d-c “'the average current through the rectifier circuit. 

PIV (peak inverse voltage)— the peak reverse bias voltane* 
applmd to the diode, which cuts o£f conduction. This is not to 
be confused with the manufacturer's rating which !h „ 
max tmum value for the diode. Peak inverse 'voltages are^he 

voltages actually encountered under circuit-operating 
conditions. operating 
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Half- wa ve rec t i f lec_C.^Qa.le^£hase 




e RL 


i 



FIGURE 2 


Figure 2a shows the basic half-wave rectifier circuit working ® 

resistive load. The rras value of the primary voltage 1 = indicated 
to be 100 volts. The transformer has a one-to-five turns r 
therefore, the rms voltage in the secondary is 500 volts . ^ Du . ^ 

CR S will*" be* 3 in°a n forward-biased condition" Thii will'allow current 
^f^wVh^gh ^‘secondary circuit, from the oath ode toU.. .nod. 

throuy h^Rj^t negatWe^at^the 6 bottom^ tempos i t ive° a t° the S top? , ' 

^"^i^oeirth^ugh 6 ^ istance 1 ) ' a Toilet will be 

developed across it. On the next alternation the_top of 

became nenative and diode CRi will be in a revels 

During this period, there will effectively %n° q ^ren n the 

circuit and no voltage developed across R L . These conditions 

shown in figure 2b. 


When determining the voltage in the output 
conditions will be considered. 

1. Assume that the impedance of the diode 
neglig ible (1 ) • 


(across R^) , several 


when conducting is 
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2 . Consider that the secondary winding is acting as a source, with 
ney 1 ig ible internal resistance . 

3. The diode under reverse-bias conditions offers an infinite 
impedance (1,000,000 ft). 

4. These conditions are idealistic but will give close 
approximations of actual conditions. 


Using the potentials shown in figure 2, now reevaluate the various 
components of the waveforms. In figure 3, the top waveform, labeled 
" F sec ' " has an rms value of 500 volts, Its peak value will then be 
1.414 times the rms voltage, or 707 volts. The average of one 
alternation is 0.637 of the peak, or 0.9 of the rms voltage, and is 
equal to 450 volts. The second waveform shows the current through 
the circuit that will flow only when the diode is forward-biased. 
There is no current on the voltage alternation that reverse-biases 
the diode. During the alternation, when current is flowing, a 
voltage pulse is developed across R L . This pulse at the top of R L 
has a peak value of 7U7 volts, an rms value of 500 volts, and an 
average value equal to 450 volts. Assuming no voltage drop across 
the diode or the secondary winding, the voltages are across R r . 

These values of voltage are for one alternation. During the next 
alternation, the voltage across R^ is zero. 


The d-c voltage on R L is the average of the two alternations 
the average value of the voltage alternation on the conducti 
cycle is 450 volts and on the nonconducting half cycle is 0 

the over-all average would be _ 225 voltg . 


. Since 
ng half 
volt , 


T 0 T| T 2 T 3 T 4 



figure 3 
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The d-c voltage across the load resistance is 225 volts. The 
fraction of the peak secondary voltage that is converted to d c is 

2 2 5 V _ 0 3X8. Therefore, E d _ c = 0.3 IB E sec pR • 

7 0 7 V 


Likewise, the decimal part of _ the rms secondary voltage that i! 
converted to d-c is E d _ c - 


2 3 5 _ q 45 ^ 
5 0 0' V ' 


sec* 


Determining current in the output 

The current flows through the entire circuit when the dlode^isin^a 

forward-biased condition. The voltage acros. L " * 

of a sine wave, with a peak and an rms voltage. These voltages 

along with R L determine the current. 


The peak current is - i and rms cut. rent is 
The d-c current can be found just as easily by 


sec 



Formulas for various values of current then are: 
^sec pk 

1 • ^sec pk ~ r y 


E 


2 . I 


sec 


sec 


Ri 


3. I d . 


M=£ = 0.318 I sec pk , or 0.45 I sec 
K r 


Peak inve rse voltag e 

Peak inverse voltage (PIV) is the peak of the voltage applied to the 
diode that is inverse to its conduction (also known as the peak 
reverse-biasing voltage")* 

Refer back to figure 2. The alternation that is ative^t^the top 

of the secondary winding will caiasc 7 , the r i rru it when Hie 

rpyprqp-biased. Since no current goes through tne cirui 

diode is reverse-biased, an infinite or nearly fbiini e i m P® 
rnnaf exist. This resistance m series with R L cause., an 
aoolied voltage to be dropped across the diode. This means 
maximum negative voltage on the anode of the diode is the pi 
the secondary waveform. The peak inverse voltage of a halt- 
rectifier with a resistive load is then equal m amplitud. 
peak of the secondary voltage (E se c pk^- 



Full -wave rectifier circuit (single-phase ) 



"C" <&-. ■=* 1I B" 


FIGURE 4 


The illustration in figure 4 of a full-wave rectifier circuit shows 
the various relationships of rms voltage within the power 
transformer. The primary voltage is 100 volts. The turns ratio of 
the transformer (primary to full secondary) is 1 to 5 . The rms 
voltage induced into the full secondary is 500 volts. The secondary 
winding has its center tap at ground; therefore, one-half of the 
500-volt K sec is from the top of the primary winding to ground, and 
the other half ^ is from the bottom to ground. Diode CR^ conducts 
when the top of the secondary winding is positive in relation to 
ground? and at the same time, diode CR^ is cut off because the 
bottom of the secondary winding is negative in respect to ground. 

The conduction path for CR]^ is from cathode to anode to point "A" 
from point "A" to point"B" at the center tap, from the center tap 
through R L , and back to the cathode, thus completing the loop. The 
voltage causing current through this loop is one-half the voltage 
induced into the entire secondary winding. 

On the next alternation, point "A" is negative in respect to ground 
cutting oft CRp The voltage at point "C n is positive in respect to' 
ground, causing CR2 to conduct. The conduction path for CR? is from 
cathode to anode to point "C", from point "C" to the center tap at 
point "B", from point "a" through R L and back to the cathode of CR-,. 
Once again, the conduction is caused by one-half of the total 
voltage being induced into the secondary winding. 
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E -Point "A" to "C" 
sec 


E - CRI Conducting 
r L 


E_ - CR2 Conducting 
R L 


E 


R L 


- Totol 



FIGURE 5 


Fiaure 5 is a waveform analysis of the determination of output 
voltage. The top waveform shows the voltage induced into the entire 

secondary winding. 

When the Eirst alternation causes point A to be positive in respect 
to ground, CR X conducts. This voltage is developed across CRi and 
r, . Assuming the conducting resistance o£ CR). and the resistance 
the primary winding to be negligible, the total voltage that is 
causing ch to conduct is felt across R L . This is shown by the 
second^ waveform. The voltage developed across R L during this time 
is one-half o£ the secondary voltage. During the same time period, 

the bottom of the transformer secondary is ondary is 

around and all the voltage in the bottom half ot the secondary 
developed across CR 2 , leaving none to be developed across R L . This 
is illustrated by the third waveform in figure b. 


from the 

CR2 is 
from the 


in the next alternation, CRi is cut off and all ^he voltage 
top half of the secondary winding is develope volta g 0 

conducting during this alternation, developing the voltage 
bottom half of the transformer secondary across R L . 

The fourth waveform, the combined waveforms £ r°™ s" waveform' showf 
both diodes across R L , is shown in £i a u ^ 1 the beak 

the peak of each alternation to be_ equal to one-half the^p^ 


voltage on" the secondary winding (1/2 E sec p k> 


p i . The voltage on each 

qeconaarv wniumy \ +/ *■ D sec pK' , 

alternation is one-half the rms voltage on the J^ondary . g. 

The average, or 

alternation. 


d-c voltage, is equal to the average of each 
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Since the alternations 
ground, but rather are 
a sine wave and has an 
the overall average of 


across do not go both above and be low 
only going above ground, the waveform is not 
averaye value other than zero. In this case, 
both alternations is equal to 


0,637 Kr L. _± A ._6_i7 G R r . pk 
2 ' 


or 0.637 Er l pk 


The formulas for computing d-c voltages are stated in relation to 
the voltage induced into the entire secondary winding. To explain 
this, remember that the peak voltage across R L is equal to one-half 
the peak voltage on the secondary winding (1/2 E sec pk ). 



E avg E d-c “ 0*637 

pk 

and 

'^L pk “ 1/2 E se e pk 


There fore , 

E d-c “ 0.637 x 1/2 E sec 

pk 


= 0.637 E sec pk 



and 

Therefore , 


0,318 E sec p k 

E avg " E d-c " 0.9 E Rl 
E ^L ~ 1/2 h sec 
E d _ c - 0.9 x 1/2 E sec 
_ 0.9 E sec 


= 0.45 E 


sec 


The E^-c from the full-wave rectifier with a resistive load is 
calculated in the same manner as that of the half-wave rectifier. 


The advantage of the basic full-wave rectifier circuit over the 
basic half-wave rectifier circuit does not lie in its d-c voltage 
output, since both rectifier circuits (using transformers with the 
same applied voltages and the same turns ratios) give the same d-c 
outputs. The full-wave rectifier is more expensive to build, as it 
requires two diodes rather than just one, and the power transformer 
requires a center-tapped secondary. To determine the advantage 
look at the output voltages of both rectifiers. 
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figure 6 is a comparison of the waveforms on the transformer. The 
nut-nuts of the half-wave and the full-wave rectifiers are shown, 
both rectifiers have an alternating waveform in their outputs. The 
variation in the waveforms from the rectifiers is known as ripple. 
RioDle voltage varies above and below the d-c voltage leve . . 
^ole levels are the averages. The peak of the ripple from 
the half-wave rectifier is twice the magnitude of the peak ripple 
from the full-wave rectifier. The frequency of the ripple from tne 
full-wave is twice the frequency of the ripple f r°'« t 1 ?® 

The rioule is in the form of an alternating wave and is undesirabi 
In the P d-I lutplt. in most rectifiers, the ripple is filtered in 
the output to give almost a pure d-c. 


The advantage of the full-wave 
is easier to filter because of 
frequency . 


rectifier is that the ripple output 
its lower amplitude and higher 



FIGURE 6 



To determine the peak inverse voltage encountered by a diode in a 
full-wave rectifier circuit with a resistive load, study figure 7, 

In figure 7, CR]_ is cut off and CR 2 is conducting. At the instant 
that CR^ has peak positive voltage on its anode, CR^ has a peak 

negative voltage on its anode. The peak value on the anode of CR^ 
is 1/2 f'soc pK* Conduction of CR 2 causes a peak voltage to be 
developed across R L (positive at the top) equal to 1/2 E gec . The 
top of R l is also at the cathode of CRj , which places this peak 
voltage on its cathode. At the same time, the peak negative voltage 
on its anode is equal to 1/2 E sec p^. 



FIGURE 7 


'oltage across the nonconducting CR^ is equal to the sum of 
aks or to the full peak secondary voltage. 
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Figure 8 shows the basic bridge rectifier circuit. ?-hls cireuit^ 

(like the others) is using a power transformer wlLh , Paths 

, ThArP IQ no center tap on the transformer secondary. Paths 

Eo^currenrLr though are tSo diodes an alternation rather than 


one , 


TO understand basic operation, first look at the half cycle that is 
positW^at the topi the transformer conducting 

and U cL 8 U cuioff! The^onduction path for CR 3 is from cathode to 
anode^to point "A" , from point "A" through the -condary ^tnding f 

uxs srs’-ss i» >«= *u“a*«v*a ssts.- 
&£»;•*“ "”;f .bss su“ ws ss ssz 

up through Rl ' . . an d CR/» are cut off? and on the other 

31,-Sffi tZXli.TM “ » 2S ;t .n . . 

positive voltage is developed at the top of R L . 
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Output voltage of the bridge rectifier, with a purely resistive 
load, is computed as shown in figure 9. The top wave form is the 
a-c voltage at point "A" (top of the secondary winding). The next 
waveform shows the voltage developed across Rp as a result of 
conduction of CRi and CR 3 . When point "A” is positive, these two 
diodes conduct, developing a voltage alternation equal to peak 
voltage induced into the entire secondary winding. Since the peak 
voltages are equal, the rms values of e Rl and E sec must also be 
equal on this alternation. When the top of the secondary winding l 
negative, CRj. and CR 3 are cut off and produce zero voltage across 
R l . At the same time, however, CR 2 and CR 4 are conducting and 
develop a waveform of voltage across R l , with a peak that is 
positive at the top of R L and is equal to the peak voltage induced 
into the secondary winding. 



FIGURE 9 


s- a ss?2.siT”s^” e jsr 

in parh alternation the peak amplitude ol L ‘ , , . 

l n t "he voltage induced into the entire secondary winding 
just ]/2 ol: the winding: the entire secondary winding is . 

conduction path of the two conducting diodes “^bot^hal^ 

Icross C RL^ tP Since the 6 peak voltage of each alternation is 
the peak'of the secondary ^Itage an t e ^ 

each alternation is equal to 0.63/ times its i 
of the waveform across R L is equal to 

0.6 37 E Rr p k + °- 637 E Rr. PJ l which is 0.637 E R L pk . Since 

" mUo nuora pi \70 1 1 aG 6 


both sets 
ote that 
the peak 
instead of 
across the 
eye les . 
j loped 
equal to 
value, of 
;rage value 


i n f;-n w . . The average voltage 

then E d _ c is equal to 0.637 L sec pk 

0.9 of the rms value, so E d _ c equa s . sec* 

- . o A and 8 and observe the transformer turns 

Briefly review figures 2, 4, and formQrs used have a 1 to 5 turns 

ratio in all three cases. ^ primary. The half wave 

ratio, with a 100 -volt erne «PP^ o£ 2 25 volts, while the 

and the full wave have a 450 uo lts, or twice the magnitude 

bridge has a d-c output voltage one advantage of the bridge 

rec t if iert me We°wi ll t see S another advantage in the following 
discussion . 

MET. « g->“Lh ££.' 

point "A". At this instant, CRi 1 ef£oct ively act as a 

maximum. Keep in mind the con g potential between cathode 

short circuit: there is no diJlerence V is felt at the top 

of e ° ° C , ^ C^fand point "B“ is at ground, 
because of the conduction of CRi* 

A redrawn circuit, as shown X ° f igu?!^ lC^shows the circuit 

condition on CR 2 and CR 4 « this time. c is a t point "A", 

when the diodes are conducting. T voltage app iied. The anode of 

which has the secondary p on qu preventing conduction, 

CR a is at ground. The full volt 1 i L CR is equal 

“>= p„K <,««,. •«3r<c“*>. a.*.!;- 

effectively places 8™“"^? ,^ l Si ve ? 0 p B at the top of R L . It was 
of CRi , a positive peak voltay . , n w (Eo, nk ) is equal to 

determined earlier that the peak voltag^ c ^ h ode o? CR 2 at this 
the peak secondary voltage ( sec pk anode is at ground. The 

instant is positive by b sec pk' k inve rse voltage encountered 

conclusion to be drawn is that the t0 E sec pk . 

by each nonconducting diode in the circui 


Er L Pk 

equals 


the nonconducting diodes in 
sidering the action of the 
eak positive voltage is at 
are conducting at their 
odes effectively act as a 
n potential between cathode 
joint "A" is felt at the top 
and point "B" is at ground, 
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FIGURE 10 


To understand the advantage in its proper perspective, recall that 
for a transformer with a given turns ratio, the d-c output voltage 
of the bridge rectifier would be twice that of either the half wave 
or full wave. To produce the same amount of d-c as the bridge, the 
half wave and the full wave would both require either twice the a-c 
applied to the primary or a transformer with twice the turns ratio. 
In . either , the peak a-c voltage on the secondary winding would be 
twice that of the bridge transformer secondary, The PIV's 
encountered by the diodes in all three basic rectifier circuits 
{using resistive loads) are E sec pk . Therefore, for a given d-c 
OUTPUT level, the nonconducting diodes in a bridge rectifier 
encounter one-half the PIV that the nonconducting diodes in the 
other two rectifier circuits encounter. 

Full-wave voltage doubler 


voltage 

commonly 


/e voltage aoubier is capable of delivering to a load a 
that is twice the peak value of the a-c applied voltage, 
is used in situations when the load requires a higher 
than is available with the existing transformer, or 
high d-c potential is required without the expense of 
v ' m er. When the current requirement of the load is 

nndpr i inhhfi im P ract ^al * It is therefore used for high 
uqpf) fnr t-h conditions. Figure 11 shows two schematic* 
used for the full-wave doubler. 
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figure 11 


Figure 12 is the same 
the circuit action, it 
capacitor will charge 


ircuit shown in figure lib. To understand 
is first necessary to understand tha 
o the peak of the voltage applied to 



FIGURE 12 



feX 

S^?3*KE“5;H^- e " SJWHrs “' 

th C ra S ppHe e d d voUago nd (p eC ° nda p "pingTwin ^ equalV^p 
the ^bottom^p late ^ 

sssa^: ?-£ P £- °t5°s, ^ £;-;?* : ' 

C 2 , negative af the tOD ° t" 0de) . t0 the U plate 'of 0./°^^ ^ " A "' 

equal to E sec pk . t0 P os 1 1 ive at the bottom, to'a village 968 

As shown in finurp 1 9 .< 

point »c» and point »n» !h° U , tpUt ° f the doubler is fed ho, 
aic^eactPother ir^s ' ^ the^load . C \g incest he * e ^ 0££dn ° ne 

sk s.*a£ ass 2 “ 

is? r™‘ "'oSr.L^- - 

spinas*'' 

beyond the scor>p nf - n fP essary to compute the rin u' 1LS r ipple 
2 e ■ scope of this course but ^ ri PP le amplitude is 

sec pk is close enough. for our purpose, E d _ c = 

Figure 13 shows a 

The top waveform repreM ™-^^ 818 ° f the actual doubler ooer ► • 
waveform is the rl-~ „ ? ts the secondary a -c void operation. 

The positive nL? C ( out PU t voltage and the Mn!? 3e ‘ . The "ext 

(Ed-'c^tS § k R The P e ^oPtheYi[^ 

difference b,KJc£ l 'l r val “ °‘ the »- 0 "nLj, u"“ s ?Y*"»» 

““ -iB'.w^ss k ;i .s; «,v 

The Piv th^it 

twice the peak valued? d t Ctilla diode encounters in th 

and note the curYf £ V le secondary voltaoe „ * the cic cuit is 

sr-s&a; “ ^ ;SfS”2« 
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FIGURE 13 


«s^v.ss,*rsfs-.r ra s.'!s^3: rs&vv* 

directly across C 1 and C 2 . Since the voltaaes on h £ l C ' ° r 
add iin t -n 9 p , , f, , , . vuitages on the two capacitor 1 

CRo PIV = 2 p ec pk d their P olar 1 1 ies apply reverse voltage to 
^ L sec pk* 



FIGURE 14 


Remember that: under actual circuit conditions, a ripple voltage is 
produced because the capacitors change their charge during the time 
their respective charging diodes are cut off (with the capacitors 
discharging slightly through the load). The actual d-c value on the 
load is less than 2 E sec p^. The amount by which the d-c is less 
depends upon how much the capacitors can discharge before they are 
recharged. This is to say, the amplitude of the ripple voltage 
depends on how much they change their charge. The more they change 
their charge, the higher the amplitude of the ripple voltage. 



FIGURE 15 


^et S of W donhl^ yUre 15 ' the . ri PP le peak-to-peak amplitude with one 

"A" The dim = a P aclt ° rs 13 £rom the level of 2 E SPC k to level 
* • . fhe d o tted line between shows the average, or 'd-c level. The 

load' Sut 0 w^rS ft ° £ thS rlppl8 ' USing the same doubler ami 
load, but with a smaller set of capacitors, is from the level of 't 

Srs^o ?.. fc 1 e r 1 r uJ T.lllZV v hi i e r for - this 

and the lew the cwaoitSrwm a ? paaitors ' the longer the RC time, 
respective charging P diodes TsTnT olltotlTri 

d-c C out^ut 2:.iT e thS rlPPle - pli£ dde, and the^h^the actual 

refore, since T - RC, if C increases, time increases, ripple 

linn s d d volta S e to the load increases. There 

‘ used to char np r ' t0 th ? maXimuni size of capacitors 
is? a ‘quint i tv of a d apacltor ' a charging current must 

late. Q q = CfMwherl o is"? inust '!’° ve from one P late to 
ance in uP „ ° 13 a pcantity of electrons, C is 

voltage? the larie? L” h U3 ? aCroSS the oapacitor). 
barging current will bI oI?hC 9er 0 wiU be ' and tlu! 

the charging current will be for a^i^n^l^nf 1 
rrent exceeds the peak current raHnnl ^ 9 ?’ 1 1 the 

diodes will be destroyed. Therefore: ° ° arging 
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1. The higher the capacity of the capacitors in the doubler, the 
higher the actual d-c output will be. 

2. The amount of capacitance must be limited by the peak current 
rating of the diodes. 

H alf-w ave v o ltage doub l er 

The half-wave doubler (or line doubler) meets most of the same 
conditions as the full-wave doubler. The d-c output equals 
2 E sec pk (approx.). The PIV encountered by the diodes equals 
2 E S ec pk' anc ^ the va l ues capacitance are limited by the peak 
current ratings of the charging diodes. The difference is mainly in 
the circuit configuration. 



FIGURE 16 


Figure 16 shows the circuit configuration for the half-wave doubler. 
When CRi conducts, Cq is charged. This occurs when the induced 
voltage at point "B 11 is on its positive alternation. The conduction 
path of CRq is from the right-hand plate of Cq through CRq, to point 
"B", from point "B" through the secondary winding (bottom to top), 
to point "A", and from point "A" to the left-hand plate of Cq 
(charging it negative at the .left to positive on the right). It 
charges to the peak of the applied voltage. On the next 
alternation, with point "B" negative, the secondary voltage and the 
voltage on Cq are series aiding. This causes CR 2 to conduct. The 
conduction path of CR 2 is from the top plate of C 2 , through CR 2 , to 
the right-hand plate of Cq, from the left-hand plate of Cq to point 
"A", from point "A" through the secondary winding (top to bottom) to 
point "B” , from point "B" to the bottom plate of C 2 , which charges 
C 2 to the sum of the transformer's secondary peak voltage and the 
voltage across Cq. This voltage sum is equal to 2 pk 

(approx.). The output voltage from this doubler is dropped across 

C 2 . Since C 2 charges to 2 E sec pk * E d-c = 2 K sec pk • 
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W hen compared with the half-wave doubler, the full wave’s output 
capacitors are recharged each half cycle rather than once each full 
cycle as with the half-wave doubler. Ripple amplitude is lower and 
therefore produces a higher d-c output. The one decided 
disadvantage, however, of the full-wave doubler is that the common 
point for its output must be above chassis ground, unless an 
isolation transformer is used. This is not the case with the half- 
wave doubler. Therefore, the half-wave doubler is considered less 
hazardous to maintenance personnel. 

T hr e e^jphas e , ha 1 f— wave (three — p hase star) rect if ier 

Application. The three-phase, half-wave star- or wye-connected 
rectifier is used in electronic equipment for applications where the 
primary a-c source is three-phase and the d-c power requirements 
exceed 1 kilowatt. The rectifier circuit can be arranged to furnish 
negative or positive high-voltage output to the load. 

Characteristics of three-phase, half-wave rectifier 

1. input to circuit is three-phase a-c; output is d-c with 
amplitude of ripple voltage less than that for a single-phase 
rectif ier . 

2. Uses three semiconductor rectifiers (single, multiple, or 
stacked units) . 

3. Output is relatively easy to filter; d-c output ripple frequency 
is equal to three times the primary line-voltage frequency. 

4. Has good regulation characteristics. 

5. Circuit provides either positive- or negative-polarity output 
voltage . 

6. Uses multiphase power transformer with star- or wye-connected 
•secondary windings; primary windings may be either delta- or 

wye-connec ted . 

C i r c u it an a lysi s 

The three-phase, half-wave (three-phase star) rectifier is 
3 s t type of three-phase rectifier circuit. Fundamentally, 
ifier circuit is three single-phase, half-wave rectifier 
each rectifier operating from one phase of a three-phase 
3 sharing a common load. The voltages induced in the 
sr secondary windings differ in phase by 120°; thus, each 
rectifier conducts for 120° of the complete input cycle 
Lbutes one-third of the d-c current suplied to the load, 
flow through the load in pulses--one pulse for every other 
2 of the impressed voltage in each of the three phases-- 
r the output voltage has a ripple frequency that is three 
frequency of the a-c source. These relations are shown in 
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FIGURE 17 . --Three-phase , half-wave rectifier waveforms. 


Circuit operation, A basic three-phase, half-wave rectifier is 
illustrated in figure IB. The circuit uses a three-phase 
transformer, T^, to step up the alternating source voltage to a high 
value in the star- or wye-connected secondaries. The primary 
windings of transformer, Ti, are shown delta-connected, although in 
some instances the primary windings may be wye— connec ted . 

Rectifiers CR^ , CR2> and CR 3 are connected to the high-voltage 
secondary winding. The load is connected between the junction point 
of the wye— connec ted secondary windings and the common connection of 
the three rectifiers. 
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Basic Three-Phase, Half-Wave (Three-Phase Star) 
Rectifier Circuit 

FIGURE 18 


la the circuit illustrated, either terminal of the load can be 
placed at ground potential, depending upon whether a positive or 
negative d-c output is desired. However, it is good design practice 
tor the d-c output terminal associated with the junction of the wve- 
connected secondaries to be grounded; in this circuit, the 
secondary- to-core insulation need not be as great as it would be if: 
the secondary windings were above ground by the amount of the d-c 
ouput voltage. When a negative high-voltage d-c supply is required 
it is common practice to keep the junction of the wye-connected 
secondaries at ground (chassis) potential and to reverse the 
connections to the rectifiers (CRx , CR 2 , and CR 3 ). m figure 18, 
ie output polarity across the load will be opposite that shown. 

The semiconductor rectifiers, CR lf CR 2 , and CR 3 , are made up of 

^ ctLflers ln series to safely withstand the peak inverse 
"'. the circuit and to prevent rectifier breakdown. Since 
idual rectifier in the series-connected arrangement 
or stacked units) has a maximum reverse-vol tage rating, it 
the series combination of rectifiers in any 
"tave a total reverse-voltage rating in excess of 
nverse voltage encountered in the circuit 
.ause a choke-input filter system is commonly 
>r surge, resistors are not normally used with 
FOr this reason series resistors are not shown in the 

bLI) tJIlla LlC* 


NOTE. Refier ' to figure 17 for an understanding of output voltages as 
explained below. 
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The rectifier in each secondary Ley conducts for only one third 
cycle , and this results in a series of d-c output volt aye 
pulsations. The output volt aye, E 0 , across the load resistance is 
determined by the instantaneous currents flowing through the load? 
therefore, the output voltage never drops to zero because of the 
overlapping of applied three-phase secondary voltages and the 
resulting rectifier conduction in each secondary leg. Because the 
ripple voltage is equal to three times the frequency of the a-c 
source, the circuit requires less filtering to smooth out the ripple 
and produce a steady d-c voltage than does a single— phase rectifier 
circuit. The peak inverse voltaye across the rectifier (multiple or 
stacked units) in one secondary leg of the three-phase, half-wave 
circuit during the period of time the rectifier is nonconducting is 
approximately 2.45 times the rms voltage (E sec ) across the secondary 
winding of one phase. The regulation of the circuit is considered 
to be very good and is better than that of a single— phase rectifier 
circuit having equivalent power-output rating; the semiconductor 
rectifier characteristics of the supply. The output of the three- 
phase, half-wave rectifier circuit is connected to a suitable filter 
circuit, to smooth the pulsating direct current for use in the load 
c i rcu i t . 

T hre e-p h as e j f u 1 1- wave __(_s igqqlgs 11 Y 11 seconda ry) rsc 1 1 fie r 

Application. The three-phase, full-wave rectifier with single-wye 
secondary is used in electronic equipment for applications where the 
primary a— c source is three-phase and the d— c output power require 
ments are relatively high. The rectifier circuit can be arranged to 
furnish either a negative or a positive high-voltage output to the 
load . 

Characteristics of three-phase, full — wave recti. tier 

1. Input to circuit is three-phase a-c? output is d-c with 
amplitude of ripple voltage less than that for a single— phase 
rectifier, 

2. Uses six semiconductor rectifiers (multiple or stacked units) « 

3. Output requires very little filtering? d-c output ripple 
frequency is equal to six times the primary line— voltage 
frequency . 

4. Has good regulation characteristics. 

5. Circuit provides either positive- or negative-polarity output 
voltage . 

6. Uses multiphase power transformer with wye-connected secondary 
windings? primary windings may be either delta- or wye- 
connec ted . 
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C irc ui t an aly s is 

General. The three-phase, full-wave (single-wye secondary) 
rectifier is extensively used where a large amount of power is 
required by the load, such as for large shipboard or shore 
electronic ins ta 1 la t ions . The rectifiers used in this circuit are 
generally forced-air cooled or oil cooled to dissipate heat. In 
many power-supply applications, it is desirable to provide two 
voltages for low-power stages. For these applications, the 
three-phase, full-wave rectifier circuit can be modified to supply 
an additional output voltage, which is equal to one-half the voltage 
provided by the full-wave rectifier circuit. 

Circuit operation. The basic three-phase, full-wave rectifier 
circuit is illustrated in figure 19. The circuit uses a 
conventional three-phase power transformer, T]_ , to step up the 
alternating source voltage to a high value in the wye-connected 
secondaries. The primary windings of T]_ are shown delta-connected, 
although in some instances the primary windings may be wye-connected 
(as for a three- or four-wire system). 



aosic Three-Phase, Full-Wave CSingle'V Secondary I Reel, (ier 
Circuit 


FIGURE 19 
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Semiconductor rectifiers CR X and CR 6 are connected to secondary 
terminal No. 1 of transformer T x ; rectifiers CR 2 and CK 4 are 
connected to secondary terminal No. 2; rectifiers CR 3 and CR5 a 
connected to secondary terminal No. 3. The rectifiers are identical 
semiconductor rectifiers. Although the schematic shows only six 
individual rectifiers in the circuit, each graphic diode symbol 
represents two or more diodes in series to obtain the necessary 
peak-inverse characteristics for high-voltage operation. The 
circuit arrangement shown in figure 19 permits either terminal of 
the load to be placed at ground potential, depending upon whether 
positive or negative d-c output is desired; however, the circuit is 
commonly arranged for a positive d-c output, with the negative 
output terminal at ground (chassis). Also, a choke input filter 
system is commonly used with this circuit; therefore, series, 
surge, resistors are not normally used. 

In figure 20, the voltages developed across the secondary windings 
It transformer T x are 120" out-of-phase with relation to each other 
and are constantly changing in polarity. At any given instant ofc 
time in the three-phase, full-wave rectifier circuit, a recLifc - » 
the load, and a second rectifier are in series across two of the 
wye-connected transformer secondaries. Bach of the six rectifiers 
conducts for 120° of an electrical cycle; however, there is 
overlap of conduction periods, and the rectifiers conduct in a 
sequence that is determined by the phasing of the instantaneous 
secondary voltages. In the circuit in figure 20 , two reel l t i „ rs . . 
conducting at any instant of time, with rectil f conduction 
occurring in the following order: CR X and L < 4 [r -- 1 o' 2 

CRs, CRo and CR 6 , CRg and CR 6 , CR 3 and CK 4 , CR X and CU 4 , etc. hac 

SoiitivS and negative peak in each of the three phases produces,^ 

current pulse in the load. Because ot ~\e na u - ■ , ; .. o V cle 

conduction periods, each rectifier conducts tor 120 - oi - cyclc ' 

and carries one-third of the total load current. output 

voltage, B 0 , produced across the load resistance is eterraine y 

the instantaneous currents flowing through the load therefore, the 
output voltage has a pulsating waveform, which results in a ripple 
voltage!? because the output current and voltage are not continuous. 
The frequency of the ripple voltage is six * r ^^® n thQ 

Ihe a-c source. Since this ripple frequency is higher than the 
ripple frequency of a single-phase, full-wave rectifier circuit or a 
three-Dhase, half-wave rectifier circuit, relatively little 
filtering is required to smooth out the ripple and produce a steady 
5“ The oeak inverse voltage across an individual 

IU. t,. 

rpetifier circuit during the period ot time the rectifier is 
nonconducting is approximately 2.45 ti-es the «,s voltage acr oss^the 
secondary winding of one phase. The regulation . . 

considered to be very good and is better than that o- a sing o-P 
rectifier or of a three-phase, half-wave rectifier circuit h ving 
equivalent power-output rating. The output of qi ^» three phase , 
full-wave rectifier circuit is connected to a suitable filter 
circuit to smooth the pulsating direct current tor use » the load 
circuit. A variation of the three-phase, full-wave rectifier 
circuit has a common terminal of the wye-connected secondaries 
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rectifiers CR 4 , CR5, and CRg to form a three-phase, half-wave 
rectifier circuit. See figure 21 . The circuit is fundamentally the 
same as that discussed earlier; therefore, the reference 
designations previously assigned to the basic circuit remain 
unchanged. One advantage of this circuit variation is that two 
voltages may be supplied from the same transformer and rectifier 


combination. One output voltage ^Eavy 
wave circuit; 


) Is obtained from the full- 


the other voltage (— f which is equal to one half 


the full-wave output 
CR5, end CRg and the 
secondaries as a conv 
circuit. Although th 
simultaneously to two 
total current that ca 
CR5 / and CR^) . 


voltage is obtained by using rectifiers CR4 r 
common terminal of the wye-connected 
entional three-phase, half-wave rectifier 
is circuit can supply two output voltages 
separate loads, there is a limitation on the 
n be safely carried by the rectifiers (CR4, 
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Three-Phase, Half-Wave and Three-Phase, Full-Wave 

Rectifier Circuit 


FIGURE 21 
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NOTETAKING SHEET 3.1. IN 
POWER SUPPLY RECTIFIERS 


REFERENCES : 

1 * Basic Electronics , Vol . 1. NAVPERS 10087-C. Chapter 5. 

2. Electronic Circuits . NAVSEA 0967-LP-000— 0120 . Chapter 2, 
pages 2-1 through 2-74. 

3. Slurzberg, Morris and William Osterheld. Essentials of 
Radio-Electronics . Second Edition. New York: McGraw-Hill 
Book Company, Inc., 1961. Chapter 9. 

4. Slurzberg, Morris and William Osterheld. Essentials of 
Communication Electronics . Third Edition. McGraw-Hill Bokk 
Company, Inc., 1973. Chapter 6 . 

NOTETAKING OUTLINE: 

A. Characteristics of Diodes 


B. Half-Wave Rectifiers 
1 , Circuit components 
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Mathematical analysis of circuit operation 
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4. Mathematical analysis of circuit operation 
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4 . Mathematical analysis of circuit operation 
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2 . Full-wave voltage doubler 
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3 


Voltage relationships 



CR 4 , a CR 5 r -r CR f — *«9- CR 4 CR 5 -fr«- CR 6 -» R 4 
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INFORMATION SHEET 3.2.11 
POWER SUPPLY FILTERS 


INTRODUCTION 


Mos t 


The 


The output of most types of rectifiers is a pulsating current, 
electronic circuits, however, require a pure direct current fco 
proper operation. To provide this type of output, the tilt 
circuit is used to eliminate any alternating or ripple voltag^. 
filter may be made up of several components, such as res istota , 
inductors , or capacitors, which will smooth out the d-c pulsation.,. 
This information sheet provides detailed instructions concerning the 
circuit operation of various types of filters used in electro 
equipment. An understanding of the use of each will en c - Y 
abilities to troubleshoot circuit malfunctions. 


REFERENCES 

1 . Basic Electroni cs, Vol. I. NAVPEKS 10087-C. Chapter 5. 

2. Elect ronic Circuits . NAVSEA 0967-LP-000-0120 . Chapter 4, pages 
4-1 through 4-18, 

3. Slurzberg, Morris, and William Osterheld. Essentials _o t R ad L q 

Electronics. Second edition. New York: McGraw-Hill, tnc . , 

1961. Chapter 9. 

4 Slurzberg, Morris, and William Osterheld. Essentials oECom- 
munica ti on Electronics . Third Edition , McQraw-H 1 1 1 Book 
Company, Inc., 1973, Chapter 6 

INFORMATION 


Shunt-capacito r _£jJLters 

The shunt-capacitor filter is the simplest type of filter^ As 
in Fimirp 1(A). it consists of only a single filter elej e , 
capacitor c| , connected across the rectifier, in parallel with the 
load. In order to obtain good smoothing action when using 
filter the UC time constant of the circuit should be high. Hence, 
both the capacitance and load resistance should be high. B ®“er 
filtering results when the ripple frequency is also high. p 3 ure 
1(B) illustrates the input and output _ wavetorms of the shun 

fi'lipr usina a medium to high value of capacitance 
full-wave rectifier c^cuit. Capacitor C x initially charges up to 
th^neak value of the applied voltage and discharges through the 
l^oad^^Rr ) between the rectified pulses. The charge and discharge of 
Ci indicated in (A) as is the polarity of the voltage developed 

across the capacitor and the load. 
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tut - «* »°» 

applications. However, simolirir, U ? st P°wer~suppl y 

that make it preferable to more elaborate ^p?!r^ vene ® s are advantages 

high-voltage applications Th<* ! h , ? te Enters m some J 

used in power supplies that furnish^iuh ^ C ^° r fUter is widely 

ins K ? de K raY and siuiilar tubes where thfcu^renfi 3 ^ 6 • P ° tentials t0 
insignificant. cne cur tent drain is 


CHARGE DISCHARGE 

+ 

R L < LOAD ) 



from 

+ 

RECTIFIER “ 

"H. C 1 P 

-J 

o HI 

PsJ 


FIGURE 1 .- 


■B hunt-capacitor filter 


and associated waveforms. 


— --- -SSliacltor- input J*C_f liters 


The addition of a series resistor 

f ilter Un r~ CapaCit0r filtGr results in the^ 0 ^ shunt Ga Pacitor to 
ill* r Sh ? wn ln figure 2 . Because nf ^ basic Kc capac i tor- inpu t 
letter tt (pi), it i s known as a ni * tS rese,nbl ance to the Greek 

innut r o^ the ° UtpUt V °E tape from th^recH Eiiter. The input to the 
input capacitor c x . Typical waveforms of * fler developed across 
gure 2 , Both the a—c and i-ho a these voltages are shown 

current flow through series resistor'w oom £ onents of the rectified 

current""^ at the £c «<iuency of pulsatiAn iTT* the reactance o£ 
“ r ® 1 flows through this capacitor ana ! - f St 0t the alternating 

charnini' The d i rec t current flows through 1 ytJ ® ssecl around the load 
largmg and discharging of p n W1 > h lrou< dh load resistor R? . The 

caused *"by the 'excessive voItSe^' ^ducUon^output voltage 

res is tor when load current is hi ?r , 0ped aciross the series-filter 

for mr>ch . Cttnc IS hiqh m^kpo nicer 
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FROM 

RECTIFIER 



b IGURL 2. -n-section capac i tor- input 
wave forms „ 

Pi-section capac i tor- i nput LC fil te r s 


KC filter and associated 


The basic 
that is i 
capac i tor 
( iron-cor 
network , 
filter is 
filter in 
sec t ion , 
rectifier 
and capac 
I nd uc tor 
alter nat i 
supply a 
the shunt 
capacitor 
equal val 
capacitor 
than that 
adva ntage 
higher ou 
type . 


ir-sect ion capac i tor- input LC filter has a configuration 
dent ical with and similar in every respect to the ir-section 
input RC filter with one except ion-~a choke coil 
e inductor) replaces the series resistor in the ir-section 
as shown in figure 3. The it— section capacitor-input LC 
probably used to a greater extent than any other type of 
power-supply applications. The input to the filter 
comprising L and C 2 , is the output voltage of the 
' deve loped across capacitor Cq . Typical rectifier output 
itor input voltage waveforms are shown in figure 3. 

L and capacitor C 2 # working together, materially reduce the 
ny current remaining In the voltage across C x and thus 
substantially pure d-c output voltage to the load. As in 
capacitor filter, the poor regulation of the ir -section 
-input filter is a major disadvantage. In fact, assuming 
ues of C, the regulation of a power supply using a 
“input LC filter is actually more difficult to maintain 
of a power supply using a shunt-capacitor filter. An 
of the capacitor-input filter is that it provides a much 
tput voltage than a comparable filter of the choke-input 



FIGURE 3. — TT-section capac i tor- inpu t LC filter and associated 
waveforms . 
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L-section choke-input LC filters 


With the elimination of capacitor C ^ r the tt — s e c t i o n c ap ac i t or— i npu fc 
filter becomes an L-section choke™ input LC filter. This type of 
filter, along with the . assoc ia ted waveform, is illustrated in tiyurs 
4. Because the choke-* input filter resembles the letter "L," it [g 
often referred to as an L-section. When rectified pulses are 
applied to the choke coil (series inductor, L) , the inductance 
opposes any change in current through the coil. Thus, the 
inductance of the coil acts to oppose any increase in current: during 
the rapid positive excursion of the pulses, as well as any decrease 
in current during the equally rapid negative excursion of the 
pulses. This action tends to keep a constant current flowing to the 
load throughout the cycle, which causes the pulsating voltage 
(resulting from the inductance effect) developed across capacitor Ci 
to remain relatively constant at a value approaching the average 
value of the input voltage. The low reactance presented by 
capacitor C| to the pulsating component functions to decrease the 
ripple amplitude in the output and thereby to increase the average 
d c output voltage. One disadvantage of the choke™ input filter is 
the significantly lower output voltage of this type of filter as 
compared with the higher voltage provided by a comparable 
capacitor-input filter. Another economic disadvantage is that, for 
equivalent filtering, the choke-input filter must employ higher 
component values than are required in the capaci. tor- input filter. 
However, the advantage of having lower peak currents in the 
choke-input system, which effects important savings in transistor 
and transformer costs, somewhat offsets the second disadvantage. 

Two additional advantages of using the choke-input filter as 
compared with using the capacitor- input filter, are a greater power 
capability and easier d-c voltage regulation. 
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Multiple-section filters 


To enhance the filtering action 
rectified output voltage (beyond 
filter circuits discussed in the 


further and provide a smoother 
that possible with the simple 
preceding paragraphs), one or 


more 
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additional sections may be added to the basic filter circuit. Two 
multiple-section filters are illustrated in figure 5--the 
capacitor-input (A) and the choke-input (B). Representative' 
waveforms indicating the approximate shape of the voltage at several 
different points in each type of multisection filter are also shown. 
Multiple-section filters are effective in those applications in 
which only a minimum ripple can be tolerated in the rectified output 
voltage to the load. If the ripple attenuation ratio of one LC 
section is 100 to 1, then an overall attenuation ratio of 10,000 to 
1 will be obtained with two such sections; and an attenuation ratio 
of 1,000,000 to 1, with three LC sections. While additional filter 
sections will reduce the ripple in the output to a minimum, they 
will also result in reduced regulation. With additional sections, 
more resistance is placed in series with the power supply, which 
causes greater variations in the output voltage with variations in 
load current. Most multiple-section filters consist of a 
combination of identical LC sections; however, multiple-section 
filters are not restricted to this type of design. Combinations of 
LC and RC sections may be used effectively to satisfy filtering 
requirements in certain applications. 
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(A) 




<B) 


FIGURE 5 . — Mul t ip le-sec t ion capac i tor- i npu t and choke-input 
f ilters . 

Resonant filters 

Resonant filters are incorporated in the design of some power-supply 
circuits. This type of filter is usually made up of two basic 
circuits. One common type of resonant filter is a series-resonant 
(parallel-resonant) circuit in conjunction with one or more LC 
filter sections. Another type of filter is made up of a 
parallel-resonant circuit with shunt capacitors in a pi-section. 

(See figure 6.) 
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The parallel-resonant circuit consisting of 

h f ii nrlarriAnl' 1 4 1 _ r . 
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FIGURE 6. — Resonant filter. 
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(A) 


oi 

(A) 

BATTERY VOLTAGE 



(B) 

SINGLE-PHASE, HALF-WAVE RECTIFIER 



(C) 

SINGLE-PHASE, FULL-WAVE RECTIFIER 



(D) 


THREE-PHASE, HALF-WAVE RECTIFIER 



(E) 

THREE-PHASE, FULL-WAVE RECTIFIER 


FIGURE 7, --Typical rectifier output waveforms compared 
with voltage output of a battery. 
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ripple voltage to the average value of the output voltage at a given 
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where 


Xg - filter capacitive reactance 
X = filter inductive reactance 
C - filter capacitance in microfarads 
L = filter inductance in henries 
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Voltage re gu la t ion 


The output voltage of a power supply decreases as the load current 
increases because of losses occurring at the various resistances in 
the rectifier and filter circuit. Figure 9 shows 


the voltage output for 
simple capacitor- input 


varying load currents from 
filter and for a choke-input 

700 


a graph compar ing 
a rectifier for a 
filter. 
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CAPACITOR INPUT 
CHOKE INPUT 


0 50 100 150 200 260 

D-C LOAD CURRENT (MA) 

FIGURE 9 .--Comparison of voltage-regulation characteristics for 
capac itor- input and choke-input filters. 
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In each, the same type of diode and transformer were used in a 
center- tapped full- wave circuit to supply power to an identical 
resistive load. It is immediately apparent, when comparing the twc 
curves on the graph, that while the output voltage for each value c 
load current was higher for the capac i tor- i nput filter, the 
regulation of the power supply was far greater for the choke- input 
filter. Further study reveals that a change in load current in the 
capacitor-input filter from around 25 milliamperes to 25U 
milliamperes resulted in a drop in output voltage from 60 0 to 42 5 
volts, or a total drop of 175 volts. For the same change in load 
current in the choke input, the d-c output voltage dropped from 400 
volts to 3 50 volts, or a total of only 50 volts. Voltage rey u la tic 
is a measure of the degree to which a power supply maintains its cl- 
ou tput- voltage stability under varying load conditions. The amount 
of change in the output voltage between the no-load and the 
full-load condition is usually expressed in terms of the percentage 
of voltage regulation. The percentage of voltage regulation can he 
expressed as 


Percentage of voltage regulation = — kjq 


e 2 


where 


El = no-load output voltage 


E2 - full-load output voltage 


An ideal power supply would have zero internal resistance 
(impedance) and the percentage of regulation would be zero, because 
there would be no difference between the no-load and the full- load 
output voltages. However, this is not practicable. Well designed 
power supplies generally have a regulation of 10 percent or less. 

The regulation of the choke-input filter is always more efficient 
than that of the capacitor-input, provided that a minimum value of: 
load current flows through the choke at all times. Under this 
condition, the output voltage changes only slightly with small 
changes in load current. However, if the load current is reduced t 
approach a no-load condition, the choke cannot prevent the 

nciated filter capacitor from charging to the peak value of the 
voHaye and the output votlage will rise to its maximum 

- load current is normally a low value, or if the load 
between zero and a low value, the regulation will be 
d with the same circuit operating with a slightly 
-rent. When this is true, an additional load in the 
■or, called a bleeder resistor, is placed across the 
iter to improve the regulation and establish a 

i J :urre ^ t f° r the supply. This minimum value o 
lows through the filter choke, improves the 

e power supply. The value of the current drawn by 
stor is usually 10 to 15 percent of the total 
□ ^ or I 1 t ^ le supply. The bleeder resistor takes the 

selected ! e ii th ? r 3 tapped r es is tor or a number of 
^ - fc ‘ la V eve ^ values of output voltage 

to various loads having different voltage and 

'-'OHS i 
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Filter capac i tors 

A c ora in o n t y p e o t c a p a c i t o r u s e d a s a I: i J. t e r e 1 e ni e n t in m a n y 
receivers i s t h e d — c e 1 e c t ir o 1 y t 1 c c a p ac i t o r . W i t I t i n the c to n tai nor 
o £ the elec t roly t i c c a p a c i t o r , r o 1 J. e d a J. uni i it n iu - f o i 1 p lates are 
iirun e r sed in a it e 1 e c t r o 1 y t e , s u c It an a n aq u ecu s so .1 u t i. on o 1: bo r i c 
acid and sodium borate. T It e a e t;. u a 1 d i. e 1 e c t r i. c in this ty pe of: 
capacitor is the thin oxide film that forms on one set of: plates In 
the presence of a cl— c polar iziny volt aye. The aluminum toil acts as 
the anode (positive t e r in i n a.L ) , a n d t: h e e 1 e c t r o 1 y t e acts as the 
cathode (negative terminal) of: the electrolytic capacitor. There 
are two general types of: electrolytic capacitors wet and dry. The 
physical c h a r a c t e r i. s t i. c s o £ t h e e .1 e c t r o ,1 y t e us e d d e L e r m ine t I t e 
particular type of: capacitor: an aqueous electrolyte in a metal 
container is c h a r a c l: e r i s t i c o 1: t h e we t e 1 e c l: r o .1. y t. i. c capac i t or ; a 
viscous or paste e 1 e c t:. r o 1 y t e i n e i. the r a paper ( c acdboa r d ) or a 
metal container forms t:he dry capacitor. 

The most common working voltages lor electrolytic capacitors (both 
types) r a ng e £ r ora 6 t o 6 00 v o .1. t s . Pr ac t i. c a l v a J. u e s of: capac i tanc e 
extend from .1 or 2 microfarads to as high as 2,000 microfarads, 
depending on the requirements of: a given appi ica t ion . In keeping 
with t It e necessity o f a w i. d e r a ng e o £ work i ng voltage a n d 
capacitance values, electrolytic capacitors are available in a 
variety of physical sizes. Generally s p e a k i ng , the It i g he r the 

vol t ag e_ and the g r ente r the c apacita nce, the large r the phy sical 

size. For low-voltage applications, much greater capacitance is 
provided in units of smaller size than in the paper— type capacitors 
(which provide only about one ten-thousandths as much capacitance). 

Multiple-section electrolytic capacitors, which have two or more 
capacitor units housed in a single container , are extensively used 
in receiver circuits. For example, a ir— s e c t: i o n filter circuit m a y 
use a dual-section electrolytic capacitor having two 8— microfarad 
sections, one connected on each side of the series filter element; 
however, the capacitance of the different sections need not be the 
same. In a typical three-section capacitor, each section may have a 
different capacitance; or two sections may have the same value; and 
the third section, a different value. Any number of combinations 
are possible, and standardization is the exception rather than the 
ru le . 

In addition to the electrolytic capacitor, many other nonpolarized 
capacitors are in use; for example, paper- foil, wax- impregnated or 
oil- impregnated , oxide film, mica, and ceramic. For high-voltage 
applications, such as transmitter power supplies, the individual 
units are larger and have insulated-bushing terminals. The higher 
the v oltage , the larg er the u nit _ for a given c ap a citance . Paper- 
f oi l”capac i tors are generally used at voltages from 750 to 2,500 
volts. O il- impregnated capacitors are used for voltages of 1,50 0 to 
3,500 volts (up to 30 kilovolts for large commercial installations). 
Mica and ceramic capacitors are generally used as blocking 
capacitors or in tuned filters, since their size is usually limited 
to values of less than 0.25 microfarad. Small hand-portable 
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ejuipment sometimes has series-connected receiving or Low-vol tag a 
electrolytic capacitors tor economy {the price of two low-vol tag o 
unit? is considerably lower than one high-voltage unit). Since the 
introduction of transistors, extremely low-vol tag e (2-, 4-, 6-, and 
12-volt) capacitors of very small physical size, with capacitance 
values on the order of 50 , 100 , and 150 microfarads or more, arc in 
common use to supply high currents at the low voltages employed. 
These capacitors are used in power supplies that eliminate the 
necessity for, and the expense of, battery replacement. 

S hu n t-capac i tor filter 


The shunt-capacitor filter is the simplest type of filter. The 
application of this filter is very limited. it is sometimes ir-cd in 
extremely high-voltage, low-current power supplies for cathode-r iv 
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E aV g , will be increased because of the filtering action of the 
capacitor. In figure 10(B), a capacitor of medium value has been 
placed in shunt (parallel) with the load resistor, R L . The value of 
the capacitor is fairly large, so that it presents a relatively low 
reactance to the pulsating current and stores a substantial charge. 
Since the rate of charge for the capacitor is limited only by the 
impedance of the a-c source (transformer) and the internal 
resistance of the rectifier (both relatively low) , the RC charge 
time for the circuit is relatively short. As a result, when the 
pulsating voltage is first applied to the shunt-capacitor filter, 
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half-wave rectifier . full-wave rectifier 
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large-value filter capacitor 


FIGURE 10. — Shunt-capacitor filter and waveforms. 

the capacitor charges rapidly and almost reaches peak voltage within 
the first few cycles. The charge on the capacitor approximates the 
peak value of rectified voltage when the rectifier is conducting; 
and since the capacitor cannot discharge immediately, It retains its 
charge when the rectifier output falls to zero. The capacitor 
slowly discharges through the load resistance, R^, during the time 
the rectifier is nonconducting. The rate of discharge for the 
capacitor is determined by the load resistance: if the capacitor 

and load-resistance values are large, the RC discharge time for the 
circuit is relatively long. From the waveforms shown in figure 
10(B), it can be seen that the addition of capacitor C to the 
circuit. results in an increase in the average value of output 
voltage, E aV g , and a reduction in the ripple component, E r p , 
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present across the load resistance. The capacitor partially 
discharges through the load, developing the output voltage until the 
next positive pulse occurs. When the amplitude ot this pulse 
exceeds the value of voltage on the capacitor, the capacitor once 
again starts charging to the peak value. I f t h e v a .1. u e o £ t h e 
capacitor used in the filter circuit is increased, the average value 
of the output voltage, E aV g , is also increased. Figure 10(C) 
illustrates the effect of increasing the value of capacitor C (over 
that used in figure 10(B). The time constant of the charging 
circuit is still relatively short, but the time constant of the 
discharging circuit is considerably longer. Because of; the 
increased time constant tor the discharge circuit, the large-value 
capacitor does not discharge as rapidly as the medium-value 
capacitor; therefore, the average voltage is higher and the 
amplitude of the ripple component, I3 r ip, is decreased. Compare the 
increased filtering action shown in the waveform in (C) with that in 
<B). Theoretically, the shunt-capacitor filter can provide any 
desired de y r e e o f: f i iter i ny : the l arg er the va lue of _ca pa c 1 t o r __C 
the better t he filtering ac tion , because of a lowered impedance (X (: ) 
offered “to the' pulsating current and the ability of the capacitor to 
retain the charge longer. There is however a practical limitation 
to the maximum value of the capacitor used in the filter. If; the 
peak-current rating of the rectifier is exceeded during the charging 
in the value of the capacitor, the rectifier will be damaged; thus, 
a compromise in the value of the capacitor is necessary in order to 
keep the maximum charging current within the peak-current rating of 
the rectifier. 

The load resistance is also an important consideration. If: the load 
resistance is made small, the load current increases and the average 
value of output voltage (Fav) decreases. The RC time constant is 
controlled by the value of the load resistance? therefore, the rate 
the capacitor discharges is a direct result of the current: through 
the load. The greater t he load curr en t , the more _ rap i_d_ t h e 
d i s c h a rg e o E t he cap a citor , and t he lo we r t he av erage va lu e_ of: 
out p ut voltag e. For tills reason, the shunt-capacitor filter is 
seldom used with rectifier circuits that must supply a relatively 
large load current. 

The pulsations across capacitor C and load resistance Rj , no matter: 
how small in amplitude, are in effect a form of distortion. 

Although these pulsations represent a fundamental frequency, many 
other frequencies are also present in the output. In the majority 
of equipment applications, the presence of ripple voltage is not 
desirable; therefore, for most equipment applications, it is 
impracticable to use a simple shunt-capacitor filter; additional 
filtering (or another type of filter) is necessary to reduce the 
ripple amplitude to an acceptable minimum. 
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Consider now a complete cycle of operation, using a single-phase, 
half -wave rectifier operating with shunt capacitor C and load 
resistance R^ , shown in figure 10. Capacitor C is assumed to be 
large enough to ensure small reactance to the pulsating rectified 
c u r r e n t „ T h e re s is tance or Rp is ass ume d t o be m uch greater t h a n 
the reactance of C at the input frequency. 

When the circuit is energized, the rectifier conducts on the 
positive half of the cycle, and current flows into and charges 
capac.i tor C to approximately the peak, value of the input voltage. 

The charge is less than the peak value of voltage by the amount of 
the voltage developed across the rectifier diode. Lhe charge on C 
is indicated by the heavy lines on the waveforms in figures 10 (B) 

and ( C ) . 

On the negative half-cycle, the rectifier cannot conduct, since the 
anode is negative with respect to the cathode. During this 
interval, capacitor C discharges through load resistance Rp. The 
discharge of C produces the downward slope of voltage shown by the 
heavy lines in figures 10 (B) and (C) . In contrast to the abrupt 

fall of the applied a-c voltage from peak value to zero (shown) in 
dotted lines),’ the voltage across C (and thus across Rp) during the 
discharge period decreases at a gradual rate until the time of the 
next half cycle of rectifier operation. 

For a given value of Load current, the value of C determines the 
rate at which the d i so barge voltage decreases. This rate of voltage 
decline and the value of C are inversely related. Thus, the rate is 
faster for small values of C and less for larger values ot C, thi. s 
indicates that for the same load current, if C (or Rp) is increased, 
the ripple component In the output to the load Is decreased. (A 
long time constant filter circuit requires a longer time to charge 
and discharge.) 

Since practical values of C and R L ensure a more or less gradual 
decrease of the discharge voltage, a substantial charge remains on 
the capacitor at the time of the next half cycle of operation. As a 
result i no current can flow from the rectifier until the rising a-c 
input voltage on the rectifier anode exceeds the voltage of the 
charge remaining on C, because this charge voltage is the cathode 
to-ground potential of the rectifier tube. When the anode voltage 
exceeds the charge voltage across C, the rectifier again conducts, 
and again charges C to approximately the peak value of the applied 
voltage. Shortly after the charge on the capacitor teaches its ^ 
peak, the diode stops conducting. Because the fall of the a-c input 
voltage on the anode is considerably more rapid than the decrease m 
the capacitor voltage, the cathode quickly becomes more positive 
than the anode, and the rectifier ceases to conduct. During the 
charging period, capacitor C is connected across the output of the 
rectifier, and the charge time is determined by the effective series 
resistance, which is the diode (forward-conducting) resistance and 
the transformer impedance plus the resistance of the leads to the 
diode and capacitor. Hence, the resistance _ is low and C charges 
very quickly. During the nonconducting period, the discharge path 
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is through r l , which is relatively large, so that the time cons tan 
is Long . Thus, capacitor C does not discharge appreciably before 
the conduction cycle begins again. 

The repeated charge and discharge of capacitor C (as described 
above) with the respective rise and fall of the input voltage 
constitutes the basic filtering action of this circuit. To reduce 
the ripple amplitude and Increase the d-c component in the output 
voltage, capacitor C charges and stores energy when the diode is 
conducting and discharges to furnish current to the load when tho 
diode is nonconducting. Using Ohm's lav;, 



Therefore, it is evident that for the same output voltage, a heavy 
current drain would be caused by a lower load resistance. With a 
heavy load and a lower RL, capacitor C would discharge more quick V 
Since the output voltage represents the average charge retained on 
the capacitor, it can be seen that with heavy loads, the capacitor 
would discharge further between the periods of tube conduction. 
Hence, the output voltage would also be lower. This is why the 
single-capacitor filter is used only tor very light current drains 
Since the output voltage for heavy loads is lower and the output 
ripple voltage component is also higher, the effective filtering i 
good only for light loads. 


tt-s ec t ion c apac i tor- i nput RC fi 1 ter 


The ir-section capacitor-input RC filter is limited to applications 
in which the load current is small. This type of filter Is usml i. 
power supplies where the load current is constant and voltage 
regulation is not necessary, such as in the high-voltage power 
supply for a cathode- ray tube or as part of a decoupling network i:< 
multistage amplifiers. 


Characteristics 


1. Filter is composed of shunt- input capacitor, series resistor, 
and shunt-output capacitor. 

2. Filtering efficiency increases as ripple frequency is 
increased, 

3. Output current is much less than obtained from corresponding 
filter that uses a choke instead of a resistor. 

4. Regulation of rectifier circuit is poor with this type of 
filter, requiring relatively constant load current. 

5. Rectifier peak current is high with this circuit because of 
input capacitance. 
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Circuit analysis 

The rectifier circuits previously described in the information sheet 
provide a rectified output voltage (across the load resistance) 
which has a pulsating waveform. Figure 11 shows a capac i tor- input 
RC filter and the waveforms obtained from either a half-wave or a 
full- wave (single-phase) rectifier circuit. The waveforms shown in 
11(A) represent the unfiltered output from a typical rectifier 
conduction. With no filter circuit connected across the output of 
the rectifier circuit (unfiltered), the waveform has a large value 
of pulsating component as compared with the d-c component. 



OUTPUT 

(LOAD) 


H*-l CYCLE 


i 

T 


HALF-WAVE RECTIFIER 



f FULL-WAVE RECTIFIER 


(A) 

UNFILTEREO OUTPUT 



I" HALF-WAVE RECTIFIER 9 FULL-WAVE RECTIFIER 


(B) 

VOLTAGE ACROSS CAPACITOR Cl 



y HALF-WAVE RECTIFIER T FULL-WAVE RECTIFIER 

(C) 

VOLTAGE ACROSS CAPACITOR C2 


FIGURE 11. — Capacitor-input RC filter and waveforms. 

The output from a pi-section RC filter rna 
ripple which is considered excessive for 
By adding another series filter resistor 
C 3 , to the basic capacitor-input filter, 
the load resistance can be further attei 
addition of series resistors increases 1 
the filter, resulting in poorer regulat: 
voltage. For these reasons, the number 
added, as well as the size of the resist 
in figure 12, the added RC filter compoi 
inverted letter L. 
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FIGURE 13. — u-section capac i tor- input LC filter and waveforms. 

The filter shown in the schematic of figure 13 consists of an input 
filter capacitor, , a series inductor, L, and an output filter 
capacitor, C 2 • It is called a capacitor-input filter, and is often 
referred to as a pi-section because the configuration of the 
schematic resembles the Greek letter tt . 

Capacitor C] is placed at the input to the filter and is in shunt 
with the output of the rectifier circuit. In the capac i tor- i npu t 
filter, the major portion of the filtering action is accomplished by 
the input capacitor, C^. The average value of voltage across the 
input capacitor, C^, for the half-wave and full-wave rectifier 
circuits is shown in figure 13(B), Note that the average value of 
voltage across capacitor is greater than the average value of 
voltage for the unfiltered output of the rectifier, shown in 13(A), 
The value of the input capacitor is relatively large in order to 
present a low reactance (X c ) to the pulsating current and to store a 
substantial charge. The rate of charge for the capacitor is limited 
only by the impedance of the a-c source (transformer) and the 
internal resistance of the rectifier, both of which are relatively 
low? therefore, the RC charge time constant for the input circuit is 
relatively short. As a result, when the pulsating voltage is first 
applied to the capacitor-input filter, capacitor charges rapidly 
and reaches the peak voltage within the first few cycles. The 
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charge on capacitor approximates the peak value of the pulsating 
voltage when the rectifier is conducting, but when the rectifier 
output falls to zero, the capacitor partially discharges through the 
series inductor, L, and the load resistance, R j- , , during the time the 
rectifier is nonconducting. The larger the value of the input 
capacitor, C^, the better is the filtering action; however, there is 
a practical limitation to the maximum value of the capacitor. If the 
peak-current rating of the rectifier is exceeded during the charging 
time for the capacitor, the rectifier will be damaged; for this 
reason, a compromise in the value of the capacitor is necessary in 
order to keep the maximum charging current within the peak-current 
rating of the rectifier. 

The inductor (or filter choke), Lq , serves to maintain the current 
flow to the filter output (capacitor C2 and load resistance Rr ) at 0 
nearly constant level during the charge and discharge periods of 
ou tpu t capaci tor Cg . The rate of discharge for capacitor Gj is 
determined by the d-c resistance of the filter choke, tq , and the 
load resistance, R L , in series. The average value of voltage 
developed across capacitor C2 and load resistance is somewhat 
less than the average voltage developed across capacitor As the 

load current is increased, the voltage developed across inductor L 
increases because of the internal d-c resistance of the inductor. 
Also, there is a decrease in the discharge time constant for 
capacitor Cj_ because of the greater discharge between rectifier 

pulses; thus, the average voltage across input capacitor Co is also 
reduced. z 

Series inductor Lq and capacitor C2 form a voltage divider across 
capacitor Cq . . The inductor offers a high impedance and capacitor (q 
offers a low impedance to the ripple component. As a result, the 
ripple component, Etip' appearing across the load resistance is 
greatly attenuated. Since the inductance of the filter choke 
opposes changes in the value of the current flowing through it, tho 
average value of the voltage produced across the output capacitor, 
C2 ' contains a much smaller value of ripple component, Rriro as 
compared with the value of ripple produced across the input 
capacitor, C;l* Since inductor Lq operates in conjunction with 
capacitor C2> if either filter element, is decreased in value, the 
other must be increased accordingly to maintain the same degree of 
filtering. The pulsations across capacitor C2# which are present in 
spite of the action of capacitor Cq and inductor Lq , cause C2 to 
charge and discharge in the same manner as The final result is 

the waveform shown in part (C) of the illustration. 

Some electronic equipment requires a high degree of filtering, while 
other equipment is not critical in this respect. The output from a 
single shunt-capacitor filter or from an RC or LC capac i tor- inpu t 
(sinyle 7r~section) filter may contain an amount of ripple which is 
considered excessive for the equipment application. When this is 
true, additional filtering is necessary to attenuate the ripple 
component further and reduce the ripple content to a minimum. By 
adding another series inductor ( Lq ) and shunt capacitor ( C 3 ) to the 
basic capacitor input filter, the ripple component across the load 
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resistance can be further attenuated 
added filter components, L 2 and C 3 , 
because the schematic configuration 


. As shown in figure 14, the 
are called an L-section filter, 
resembles an inverted letter 


"L" . 


In a practical filter circuit, the reactance of the additional shunt 
capacitor ( C 3 ) is much less than the reactance of the additional 
series inductor, L 2 r and of the load resistance, R L . Therefore, 
each L-sec t ion filter that is added to the basicfilter reduces the 
output ripple amplitude more. When using a multiple-section filter, 

L| 1-2 


m^uT 

(F=?OM 

recti* 1 
c ; e c ■ j i r ) 



OUTPUT 
>-< (LOAO) 


FIGURE 14 it-sec t ion capac i tor- input filter with L section added. 


the operating voltage may be taken from each separate filter 
section. However, when the L-section (L 2 and C 3 ) is added to the 
basic filter circuit, the regulation of the supply suffers, because 
adding resistance in series with the load causes greater variation 
of the output voltage when changes in load current occur. Che 
voltage regulation of a power supply using a capacitor-input filter 
circuit is relatively poor {as compared with a choke-input filter), 
for this reason, the use of a capacitor-input filter is usually 
restricted to low-current applications, such as receivers, 
amplifiers, and the like, where the load current is relatively 

constant . 


Consider now a complete cycle of operation, using a single-phase, 
full-wave rectifier circuit to supply the input voltage to the 
filter. The rectifier voltage is developed across capacitor C 3 . 

The ripple voltage in the output of the filter is the alternating 
component of the input voltage reduced in amplitude by the filter 
action as shown in the preceding illustration. 

Each time the anode of the diode becomes positive with respect to 
the cathode, the diode conducts and C\ charges to the peak value of 
the voltage less the internal voltage developed across the dioce. 
Conduction occurs twice during each cycle for a full wave recti ler. 
with a 60H z supply, a 120Hz ripple voltage is produced. Although 
each diode alternates (one conducts while the other is noncon uc ing 
and then the other conducts while the first one is nonconducting), 
the filter input voltage is not steady. As the positive conducting 
anode voltage increases (on the positive half of the eye £)r 
capacitor Ci charges rapidly, the charge being limited only by the 
transformer secondary impedance and the diode (forward conducting) 
resistance. During Uie nonconducting interval (when the anode 
voltage drops below the capacitor charge voltage), C 3 disc arges 
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charge on capacitor C x approximates the pea 
oltaye when the rectifier is conducting h 
output falls to zero, the capacitor partial 

rectiMer dUCt ° r ' L ' and the load resistance 
ectifier is nonconducting. The larger: the 

capacitor, C\, the better is the filtering 

neak a r tlCa h limitati ° n t0 the max i n 'um value 
peak-current rating of the rectifier is exc 

time for the capacitor, the rectifier will 

reason, a compromise in the value of the ci 

rating '"of ^the the .'" axiraura charging current 
rating or the rectifier. 


k value of the pulsating 
u t when the rectifier 
ly discharges through the 
' R Lf during the time the 
value of the input 
action; however, there is 
of the capacitor. If the 
eeded during the charging 
be damaged; for this 
pacitor is necessary in 
w i t h i n the peak-current 


The inductor (or filter rhnv&\ r 

flow to the filter output ( elite norl and ? ta the cu -ent 

nearly constant level during ?he charge and ° dli resistai 'ce K L ) at , 
output capacitor The rate of discharge dlscl >arge periods of 

determined by the d-c resist-*!,-. discharge for. capacitor C x is 

load resistance, r l , in series Th e t av Ellter < ; lloke ' W ' and the 
developed across ca ac to TlnH average value of voltage 

less than the average voltage develooedT" lStance R L is somewhat 
load current is increased, the voltao^d, ? SS c ; apacltor , C 1 * As th ‘ 
increases because of the internal d r-' c . e l°P eci across inductor L 
Also, there is a decrease ' in d s ‘ h *? ?„? 0t ' ? he inductoc - 
capacitor Ci because of tho s^hargc time constant for 

pulses; thus, the averaae yni/ 3 Gr ' lschar 9 e between rectifier 
reduced. J Itage across input capacitor C 2 is also 

Series inductor Li and rrinrir 1 i nr o P a 

capacitor Ci. The inductor O ff pr o 2 . a voltage divider across 
offers a low impedance to the ri ^ 1 U ' gh impedance and capacitor C 2 

opposes changes in the value of the current n,./ 1 ff 1 ohoke 
average value of the voltaue nroriimos E fc £iowln 9 through it, the 
c 2 * contains a much smaller value of rioideil^ ° utput ca pacitor, 
compared with the value of ri adU e e ° E “ PP ^' \? r ' ■ B ^P' as 
capacitor, Ci . Since inductor r du ^ ed auass ,the input 

capacitor Co, if either filter P f ates in conjunction with 
other must le increased fccordie tlto 1S . decreased value, the 
filtering. The pulsations across capacitor ’c!" ^h?,? ame derjree oE 

charge °and th discharge 0 L C the CitOr Cl a " d ind f Edr L l' caSse^to* 

the waveform shown in part (crof'^hrillustration? tinal ™* ult ls 
other Equipment i ttc^t! this^ degree ° E Eilte ring, while 

single shunt-capacitor fine? L ! n The ° Utput Er ™ a 

(single n-section) filter maw mnhii C ° r L( - ca P ac i tor- input 

considered excessive for the eguWntl/T^b^ ripple which ^ 
true, additional filtering is necessary !! tl0n ’ When this is 
component further and reduce the rion e ™ att f nllate the ri PP le 
adding another series inductor I r content to a minimum. By 

basic capacitor input t l 1 ( Shunt capaoitor (C 3 ) to ihe 

p rliLer ' the tipple component across the load 



resistance can be further attenuated. As shown in figure 14, the 
added filter components, L 2 and C 3 , are called an L-section filter, 
because the schematic configuration resembles an inverted letter 
"L” . 


In a practical filter circuit, the reactance of the additional shunt 
capacitor ( C 3 ) is much less than the reactance of the additional 
series inductor, L 2 # and of the load resistance, . Therefore, 
each L-section filter that is added to the basic filter reduces the 
output ripple amplitude more. When using a mult ip le- sec t ion filter, 



FIGURE 14. — n-section capacitor-input filter with L-section added. 

the operating voltage may be taken from each separate filter 
section. However, when the L-section (L 2 and C 3 ) is added to the 
basic filter circuit, the regulation of the supply suffers, because 
adding resistance in series with the load causes greater variation 
of the output voltage when changes in load current occur. The 
voltage regulation of a power supply using a capac i tor- input f i Iter 
circuit is relatively poor (as compared with a choke-input filter); 
for this reason, the use of a capac i tor- i nput filter is usually 
restricted to low-current applications, such as receivers, 
amplifiers, and the like, where the load current is relatively 
constant . 

Consider now a complete cycle of operation, using a single-phase, 
full-wave rectifier circuit to supply the input voltage to the 
filter. The rectifier voltage is developed across capacitor C]_. 

The ripple voltage in the output of the filter is the alternating 
component of the input voltage reduced in amplitude by the filter 
action as shown in the preceding illustration. 

Each time the anode of the diode becomes positive with respect to 
the cathode, the diode conducts and Ci charges to the peak value of 
the voltage less the internal voltage developed across the diode. 
Conduction occurs twice during each cycle for a full-wave rectifier; 
with a 6 OH z supply, a 120Hz ripple voltage is produced. Although 
each diode alternates (one conducts while the other is nonconducting 
and then the other conducts while the first one is nonconducting), 
the filter input voltage is not steady. As the positive conducting 
anode voltage increases (on the positive half of the cycle), 
capacitor Ci charges rapidly, the charge being limited only by the 
transformer secondary impedance and the diode ( forward— conduct ing ) 
resistance. During Uie nonconducting interval (when the anode 
voltage drops below the capacitor charge voltage), C 3 discharges 
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Th * «•**«»• *. * 

it charges , ,s in Meat d ,C ?>' 1 Ch ? Charyes lnuch "ore slowly than 

respect, the ‘ aciioi oC c, ^ 13 * In this 

tilter described nrev i ouf 1 1 ° that °f the shunt-capacitor 

the effect of choke 1,1 °" e exce P tio n. This exception is 

large induct ive Y reactance"’ to the^milx fc ?. 2 ? henries > and offers a 

the rectifier. Thus each time r " sl Z f-tppl® component produced by 
of the choke induct^ce effeettveiv o art ! ° dl80hac 9 8 ' the inertia 
current through r.i . As far as the^i ^ po ' jes a uhange in the ripple 
concerned, it' is affected only bv \t ' %? omponent oE this voltage is 
tlie d-c resistance of Ig and Rj in series '^wi con81stin 9 ot 

considered. 0 ^in r r(^ h f s C eo^^LS f . Capacit0l: c 2 ">ust now be 

any charge on C^„Ui < -:i'r :nd 1 to^h: g: 1 c With H Cl th ~ U « h Chok < 

impedance and the resistance of r ' LyL C 2 • However, both the 

voltage division of both the r pole' (a c'i 8e ?, les with C 2 ' and a 
voltage occurs. The greater the i m • is v °ltage and the d-c output 
tiP Ple frequency , 0t the chn ke to the 
and the output. 'The 'd-~c~'h7t n7iT~7^T ° VQ 1 t a 34_ appea r i ng across C-> 
resistaTiceoF" the choke t'o each e"® ■ r S £lxed ma iiUy by the d-c 

18 a v olt a g® developed across the choke- thus th °h Curcent ' thetrG 
across c 2 is always less than that across rhhnS voltage 
fi.ur.rent, the W. the voltage across C) l- lM~^laM£ _the output 
f--rom C] , which iTas mTxfia^'^ ! Since C2 is supplied 

charge and discharge ad* ion" t rhe ' T V ° itages Produced by the 
this charge and discharge pattern TfZ?*' ’ C ? 9130 £oll °« 8 

action is smoothed out by the longer time ™ f nC ? 18 that the C 2 
and valleys exist, the values are lower n8tan , t - While the PeSks 
waveform in figure 13(C), the ™ e r a n ^f A ? be Seen from the 
direct current (less ripple). 1 Efeot ls to provide a purer 

-IQ Q_ ■ H C c h o ke_~ i ii£i 1 1 ti l ter 

sJlppH^rwi^e^oSt’Sr^LfioS 8 ?, 1 ? USed prim -“y i" Power 

current is relatively high and “bile To^a" 1 • and where the output 
The filter is used in high-oower tnnlin*?- Yl " g l0ad conditions, 
in the power-supply circuits of radar fnrt ' SUCh as those found 

transmitters. ' ' radar and communication 

Characteristics 

’• capacitor. Com ^ osed of series-input inductor and shunt-output 

2 ' increa r se n d. e£fiCienCy lnCr8ases as *‘»X* frequency is 
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3. 


Output voltage is less than that of: capaci tor*- input filter; 
output voltage from filter approaches average value of voltage 
f r om re c t i f 1 e r a t f: 1 X ter i np u t . 

4 . Regulation of rectifier circuits i. s g c >o d w i t h 1 1 1 i s t y p e o f: 

filter? further improvement in r eg u 1 a t i o 1 1 c ii a r a c i . e r i s t i e s o a n be 
realized w i t h swinging choke-in p u t i n d u c t o r „ 

5 . Rectifier output current a p p r o a c It e s maximum r a t e d c u r r e n t ? 

output current is generally greater than that ol: capaci tor- .input 
filter. 

Figure 15 shows a choke-input LG filter and the waveforms obtained 
f r om a si ng le-p h as e , f u 1 1- wave rec t i I: i e r c i non ;i. I;. „ 

The output f r om a s i. ng le-pha s e , h a 1 i: -•* w a v e r e c i: i. I: L e r c i. r c u 1 1 i s n o t: 
illustrated because the choke-in p u t I: i 1 1 e r i s s e .1 dom u s e d w :i. th t h i s 
circuit. The unfiltered output obtained from three-phase, ha 1 If- wave 
and full- wave rectifier circuits produces a higher average voltage 
and ripple frequency; ho wever, t h e p r i n e i p 1 e o 1: J: i 1 ter ac t i o n i s 
essentially the same as that i 1 i u s t r a t: e d I: o r I: I \ e s i. ng 1 e -• p ha s e , 
full-wave rectifier; therefore, these wave 1: o rm s a r e no t 
i 1 lust rated . 


INPUT 

{FROM f?ECTIFIF.R 
CIRCUIT) 


X 1 


OUTPUT 
{ LOAD) 



VOLTAGE ACROSS CAPACITOR C 


FIGURE 15 . --L-sec t ion LC choke input filter and waveforms. 

The waveform shown in (A) represents the un filter eel output from a 
typical single-phase, full-wave rectifier circuit when current 
pulses flow through the load resistance each time t h e re c 1 1 1 1 e r 
conducts. With no filter circuit connected across the output of the 
rectifier circuit (unfiltered) , the wave f o r m 1 1 a s n .! a rq e v a j. u i- : <- > f 
pulsating current as com pare d w i t h t h e a v e r ag e d • o „ 
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inductor or e c e 0t fl ? ure 15 COnslsts ™ input 

The filter Ulust ated n ° UtpUt fllter capacitor, c/. 

referred to as t "L-section h?,"^ f“ ter ' is ?*ten 

configuration resembles an inverted lette^L. 6 scheraatl ° 

with the output^of 0 the^rect if iei^circui f 6 E c lter and is in ser ies 
inductor is to oddosg am/ rm ■ rcult * Since the action of an 

to keep a constant current' Sn^t" t^LndTh tends 

complete cycle of the ; to the load throughout the 

voltage never reaches t e 1 voltage, . As a result, the output 
instead, the output voltauif 1US o£ the a PP lie ‘1 voltage, 
input to the fiHem Aho t e l> ^!: at ! S the aVe ^ e Value o£ the 
reduces the amplitude of h„„i 0 " ctance of the inductor (X L ) 

output voltage an appreciable amount?'^ Wlth ° Ut neduciny the d-c 

frequency , °bu t° the^ampl i tud^of S the^r ippl^vol t age T 
relatively small, because the inductor r ? 1 a y l FiP' 18 

current flowing from the rectifier circuit 'to the t constarlt 

reactance of the shun i rat^n it-* , v J- rcui t to the .Load. The 

the ripple component existing at Jv eS f nt ® a low , impedance to 
capacitor attempts to hold the ouhnni ut ^ t ot the filter, and the 
the average value of the voltaae 9 Kin relatively constant at 
inductor <x L ) is greater than th^ ?® the react ance of the series 

<x c> and the reactance of the shunt capacUor cf? Capaclt ° r 

load resistance, R r , the amnlitndp nf ?u 1 j x C> 15 less than the 

output of the filter is considenhi J r ^ r i Pple frec i uen cy at the 
the input to the filter circuit tL 6 fr ° m that Resent at 

figure 15(B). Assuming fp e °“ ?n reform is shown in 

note that the frequency of the ri It t rectifier circuit, 
frequency of the applied voltage. l? U Eri P' ls twlce the 

Both the output voltage from the filt-pr = »-u , 

of C ?h fi T r H epend UP ° n the inductance of tie chokfand^hr"" ° f ^ 
of the load. The minimum value of inrtnc^Lf 3 Lhe resi stance 

output voltage from increasing above necessary to keep the 

a-c is called the critical value of ■ 1 a ! eraye valu e of rectified 

of the input filter choke is less than^he . If the inductance 

circuit, the filter acts more like a L the . 8rltlcal va lue for the 

output voltage will rise above the averagTvalue?^' tUter ' ^ the 

The critical value of inductance is given by the expression 
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where : 


Lft = critical inductance in henries 

HI o u t = o u t p u t o i: power supply in volts 

I ou t ~ current drawn from power supply in milliamperes 

An increase in the value of choke inductance above the critical 
value will decrease the ratio of peak™ to-average rectifier current 
and maintain a more uniform current flow through the inductor. 
Increasing the value of inductance above a certain value, called the 
optimum value of inductance, does not provide any appreciable 
improvement in performance or filtering efficiency. In practice, 
the optimum value of inductance for a given set of: conditions is 
considered to be twice the critical value of inductance. 

The value of inductance required for the filter varies directly with 
the effective load resistance, Rp. Since the inductance of a filter 
choke varies inversely with the d-c flowing through it, an increase 
in the load resistance causes the ratio of peak- to-average current 
to decrease; conversely, a decrease in the load resistance causes 
the ratio of peak- to-average current to increase. 

The regulation of a power supply using a choke-input filter can be 
improved by the use of a swinging choke as the input inductor. A 
swinging choke is a choke whose inductance varies inversely with 
respect to the current flowing through it over the specified 
operating range. It is designed to have slightly more than the 
critical value of: inductance at full load and an optimum value of 
inductance at no load. This characteristic maintains the peak- to- 
average current ratio within certain limits over a considerable 
range of changing load currents and results in improved regulation 
for the supply. 

The choke- input filter is widely used in electronic equipment where 
the power supply is required to deliver relatively high values of 
current to the load with good regulation characteristics. Some 
equipment requires a high degree of filtering, while other equipment 
is not critical in this respect. The output from a single 
choke-input filter may contain an amount of ripple that is 
considered excessive for the equipment application. It then is 
necessary to use additional filtering to attenuate further the 
ripple component. By adding another series inductor, L2 , and a 
shunt capacitor, C2 t to the basic choke-input filter, the ripple 
component across the load resistance can be further attenuated. As 
shown in figure 16 , with the addition of filter components, L2 and 
C 2 r the schematic configuration resembles an inverted letter "L" . 
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OUTPUT 

(LOAD) 


— 4. U » 


■ P i ter with L-section added. 


J ^ 1 4 

1 n a Practical filter circuit- 

capacitor ( C 2 ) is much less t-h = n pk Va ^ Ue ot rea ctance in the shunt 
^uctor , L? f and tut\olT resTstl.L'T^J in the series 
1 f ectlon filter added to the basic The refore , each 

addPdh riPP i e am P litl Jde. However whl L tar r further reduces the 
added to a basic filter circuit th^ro ? L-section (l 2 and c 2 ) is 
suffers somewhat, because the addon re 3ulation of the supply 2 
is in series with the load and c* resistance of the inductor ( i - } ) 

ro°gu? g aHo When f Changes - °&“cur ° £ the output' 2 

Cho ki? U ?n ?act be th f e rther i^uct^rT ‘ * iVl'lll ' the ’ 

that the rise rn average'vohaol ^ designed to overreguCte '"so 

result dl th° nal V ° ltage dr °P °ccurring S across Cit d’ : Cl com e ens ates for 
esult, the output voltage tends to remain consent?" " 2 ' AS 3 

The inductance nf i 

or more air 109 ’ Swin y in 9 chokes are generall v ^ t ■ above the maximum 

oi “• «*»■ »• .«S.E;E.n;"s , „ i E;K„"; 0 n — ” <», 


LAMINATED CORE 



FIGURE 17. -swinging choke with to ai 


gaps. 
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ci fictions 
coil, A rating 
e x ample , means t h a t 


-barge gap is to provide effective i nrjl , 

... . - - - induct a nee at:. 

to assure bin 
the core 

saturation 


T ^e purpose of the 

t pi e largest c u r t: e n t s , wh i. 1 e t It a t o f t h e sm a 1 1 y a p j_ s 
■ n duct a nee at the smallest currents. Saturation of ; ' 
t S orne specific d c u r r e n t ; a t I: u I. 1. r a t e d c u rrent 

j_rnost comp le t e . S w i ny 1 ng c ho ke s a r e ra t e d to indicate 
of inducta n c e with v a r i a t i. o n s o 1: 
o 1: 1 h t: o 3 h e n r i e s at 2 h t o 
the va lue of i nduc ta nee 
mi 1-1 i amperes , and re d u c e s to on 1 y 3 h e n r 1 e s 
hand 1 iny sma 1 1 cu rren ts , the swi ng i ng 


t: a r t 


the 

■«n ren f throug h the 

■3 > 'nil liamperes, cor 
1 ° i 3 henries at 2 S 
at 250 mini amperes . 
choke functions 


When ■ :r ~ ^ ^ u j. «. j ri y a s a 

conventional c h ok e- l npu t i: i 1 to r . for 1 a r g ei: currents, where t he 
output voltage tends to drop, the inductance decreases and the 
filter starts to approach the characteristics of a capac i tor- i nou t 
filter. Bee a u s e the dec: r e a s o i. n i n d ic t a n c & p emits the c a p a c i t o t , 
charge more nearly to the peak value instead of the average value 
the loss of voltage i.n the d-c resistance of choke L 2 is thereby # 
compensated for, and the _ o u t: p u t v o 1 1 ag e t nd s to remain cons t: a n t . 
As a result, r e g u 1 a 1 1 o n i . s greatly 1 m p r o v e d . 


The output volt ag e a v a i. I a b 1 e I: r 0111 a po wet: source using a choke-in p u r 
filter circuit is much Less than that obtained with a capacitor- * 
input filter. However, since the input choke opposes a rapid 
buildup of cu r r e n t , n o a b r u p t:. p e a k- rect i 1: ter currents occur w i t h t h e 
choke-input filter as with the capacitor- i nput filter. Therefore, 
the rectifier can deliver a higher continuous current to the load 
without e x c e e d i n g i t: s maxim u m s a I: e r a t i. n g s . 


Detailed circuit op e r a l: i. o n . 

Consider now one cycle of operation of the basic choke- input filter, 
as illustrated i. n 1: i. g u r e 1. 5 w i. t It w a v e I: o r in s : 

The input to the i: i. 1. 1: e r c i. r o u i t is t: h e ou t pu I: o f the single-phas e , 
full-wave rectifier. The rectified pulses applied to the filter are 
s s shown in 1: i (jure L 3 ( A ) . Uu r i ng t h e r i. s i ng portion of the input 
voltage, choke l.g produces a back electromotive force which opposes 
the constantly increasing input voltage. The net result is to 
prevent the rapid charging of the filter capacitor C]. Thus, 
instead of reaching the peak value of the input voltage, capacitor 
C 1 is charged only to the average value of input voltage. After the 
input voltage reaches its peak and decreases, the back electromotive 
f orce tends to keep the current flowing in the same direction, In 
effect broadening the peak. 

purring the rising portion of: the pulse, the current flow through L] 
i R reduced; and during the falling portion of: the pulse, the cutren, 
continues to rise until the diminishing energy of the pulse as 1 - 
a Ppi‘oaches zero becomes Insufficient to maintain the current, wtic 
threen commences to decrease. 
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When the next, pulse starts, the 
opposing an increase in current, 
decrease. (The choke, in effect 
while current through L x starts 
continually repeated during the 
rectified pulses are applied to 
that results from the action of 
and load resistor R L in parallel 
capacitor to this ripple voltage 
voltage so that the amplitude of 
output is significantly reduced. 


hack electromotive force is still 
and the current continues to 
, shifts the ripple peaks almost 90° 
to rise. This cycle of operation is 
time the circuit is energized and 
choke L x . The fluctuating voltage 
choke L\ appears across capacitor c 
• The low reactance of the 
effectively bypasses the ripple 
the ripple voltage in the filter 


The voltage across C\ is the d-c component or output voltage, and is 
produced by the charging C x through L x . Essentially, the charging 

C i_ ln controlled b y the value of the time constant, consisting of 
the d c choke resistance in series with C x . Such a typical time 
constant is comparable to a tenth of a second, rather than a 
microsecond or a millisecond. Thus, it takes many cycles of 
operation to charge C x . The discharging of C x through the load is 
usually slower than the charge time, since the load resistance is 
normally greater than that of the choke. Therefore, the output 
voltage tends to remain fairly constant. The choke-input filter is 
effective m reducing the ripple voltage because choke Li and 
Cl ! Ct 33 an a ~ c voltage divider for ripple voltage. 

1 -h the impedance of L x high and the impedance of Ci low, any 
ripple voltage appearing across C x is small, because of the large 

voltage drop across L x , and is etfectively bypassed around the load 
oy the .Low value of X(j, 
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NOTETAKING SHEET 3. 2. IN 
POWER SUPPLY FILTERS 


REFERENCES : 

1 . Basic Electronics , Vol . X. NAVPERS 10087-C. Chapter 5. 

2. Electronic Circuits. NAVSEA 0967-LP-000-0120 . Chapter A, 

pages 4-1 through 4-18 . 

3, Slurzberg , Morris and William Osterheld. Essentials of 
Radio Electronics, Second Edition, New York: McGraw-Hill, 
Inc., 1961 . Chapter 9 . 

4, Slurzberg, Morris and William Osterheld. Essentials of 
Communication Electronics , Third Edition. McGraw-Hill, 

Inc . , 1973 . Chapter 

NOTETAKING OUTLINE: 

A. General Information 

1 . Ripple voltage components 


2 . 


Purpose of a 


f i Iter 
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INFORMATION SHEET’ 3.3.11 


POWER SUPPLY REGULATORS 


INTRODUCTION 

Variations in the voltage of the a-c input to the power supply will 
cause the output voltage to vary. In addition, various load circuit 
conditions will also cause variations in the output voltage. There 
are a number of power supply applications where the voltage applied to 
the load must be maintained practically constant. A well designed 
power supply regulator reacts automatically to compensate for changes 
in the voltage supplied to a load. 


REFERENCES 


1. Electronic Circuits. NAVSEA 0 96 7- LP-000-0 1 20 . Chapter 3, 
pages 3-1 to 3-4, 3-16 to 3-25, and 3-51 to 3-53. 

2. Basic Electronics , Vol . I. NAVPERS 10087-C . Chapter 8, 
pages 173 top 178. 

3. Slurzberg, Morris and William Osterheld. Essentials o£ 
Communication Electronics, Third Edition, McGraw-Hill, 

Inc., 1961. 

Basic types 

Although a variety of circuit arrangements are possible for power 
supply voltage regulators, they are generally of two basic types--the 
shunt and the series. The shunt is commonly used where input voltage 
variations are small and the load remains relatively constant. Most 
applications require the series regulator. The series is a more 
efficient regulator and is used in power supply applications where the 
load resistance and input voltage are large. Variations of the basic 
series semiconductor regulator include the constant-current regulator 
and the switching regulator. Where a constant current rather than a 
constant voltage is the primary requirement, the series current 
regulator is employed. Typical switching regulators include the 
silicon-controlled rectifier, the transistor-phased rectifer, and the 
transistor chopper. 

When good stability is required and the input voltage and load current 
are subject to excessive variation, a regulator — amp lifier circuit is 
employed in the shunt and series regulators. Essentially, the 
regulator-amplifier circuit in semiconductor regulators is a high- 
gain, d irec t— coupled amplifier having low noise and good stability 
characteristics. in direct-coupled amplifiers using semiconductors, 
drift caused by temperature changes during operation is always a 
design problem; therefore, a regulator— ampl i fier circuit using 
semiconductors is always a more complex circuit than is its 
electron-tube equiva.1 ;nt * Moreover, the voltage stability of the 
semiconductor reference-voltage circuit with respect to temperature 
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ature compensation at critical noint-^ eces ® ar y to Provide temper- 
to obtain the best possible overall t ® ^ rou9hout th e circuit in order 
the semiconductor regulator circuit. P ormance characteristics Cor 

i^miconductor°Fegulato?s Un L r usuanrth Wh l i1 ^ ° n6 ° f the sim P lest 

used to provide a reguMed o ' h ^ n,ay be 

constant , the voltaoe low t-n ? the load is relatively 

shunt regulator utilizes the voltaoe . \ he ou ^put current high. The 

regulation of the output voltlge 9 1 ^ prinoiple to obtain 

the l iX d d reSisto ^ ^is in 9 series with C the t p a iallei r ' dai, 'b ntal ' f0rra ' 


♦ -AM 

-< 

^ 

UNREGULATED 
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90URCE ) 


r l . 

* SHUNT L < 

REOULATINfl 
DEVICE 

- O— __ 
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HE 0«(. ATE 0 
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FIGURE 1-Simple shunt-type voltage-regulator circuit. 

A brief operational description of the u 

“ e :ch^ Ialn the in Which tlToX r t W v“Ue 

serie^s^ ^? WS T Se magnUude^f thircurrent^nd^h 0911 ^ 

Rreg . 6 dlffe 3 ^ 3131 

larger voltage of the d-c source and the nni- <- e ^ ence between the 

th * °” tp3t ”»“*=* “ th. 

across loadlesistor, ^nd^he^ariable^ decreases ' the voltage 
decrease. To counteract" ' this decrease the rec^f" 06 ' R «g ' tend s 9 t o 
increased, which reduces the total curren f ™ h Ce t ° £ *req is 
the voltage drop across it Thus hw Ho ■ through Rg ana thereby 
voltage of R s t0 P compensate f o'r'the d y ecre 0 a s e e S in 9 th t e he difflrence 
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input voltage, the output voltage remains constant at its nominal 
value. Conversely, if the input voltage increases, the voltage across 
R l and R re g tends to increase. To counteract the increase, the 
resistance of R re g is decreased. This results in more current through 
Rg and thus an increase in the voltage developed across it , The 
increase in the difference voltage compensates for the increase in the 
input voltage, and again, the output voltage remains constant at the 
regulated value. 

The shunt regulator must be capable of withstanding the entire output 
voltage of the d~c source; however, it does not have to carry the full 
load current unless it is required to regulate from the no-load to the 
full-load condition. Since series-dropping resistor Rg , used with the 
shunt regulator, has relatively high power dissipation, the overall 
efficiency of this type of regulator may be less than that of other 
types. One advantage of the shunt regulator is the inherent overload 
and short-circuit protection offered. The series resistor, Rg , is 
between the d-c source and the load; and thus, a short circuit or 
overload merely decreases the output voltage from the regulator 
circuit. Note that under no-load conditions, however, the shunt 
regulating device must dissipate the full output; therefore, the shunt 
regulator is most often used in constant- load applications. 

From the general discussion given in the preceding paragraphs, it can 
be seen that the shunt voltage regulator is essentially a voltage- 
divider circuit, with the output voltage across the load being held 
essentially constant, regardless of input voltage or load current 
variations. The control action required to vary the resistance of 
R rey and, consequently, to develop a var iable-vol tage drop, is 
completely automatic. This basic principle of voltage regulation is 
used in the transistorized, shunt-type voltage regulators to be 
described later in this section of the information sheet. 

Series regulator. The series regulator, as the name implies, places 
the regulating device in series with the load; regulation occurs as 
the result of varying the voltage developed across the series device. 
The series regulator is preferable for high-voltage and medium- 
output-current applications where the load may be subject to con- 
siderable variation. Most critical semiconductor applications require 
that a regulated voltage source utilizes the series regulator; and as 
a result, there are many regulator circuit configurations. These 
circuit configurations vary from one application to another, depending 
upon the regulation required to be maintained over a given temperature 
range. The series regulator employs a regulator-amplifier circuit 
which has the same basic function as the regulator-amplifier circuit 
in the electron- tube regulator . 
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The series regulator can be compared with a variable resistor in 
s e r i e s w 1 1 h t he d - c source and the load , t h us f o r rn .i. n g a v o 1. t a c. j e 
a 1 '/ i a e r . Th e v a r i a b .1 e - r e s i s t a n c e action of t he s e r i. e s re g u I. a t . i n i j 
device maintains the output voltage across the load resistance at. a 
constant value . 


A simple series voltage-regulator circuit is shown in f igure 2 to he 
explain this principle of voltage regulation. The variable resistor 
P<.; /is in series w i t. h the load resistance, r l ; thus, t he two res; i s~ 
tances in series form a voltage divider across the input voltage . Th 
loan current passes through R s and develops a voltage across it. Th 
voltage developed across R s depends upon the value of: resistance of 
■ana the load current through it. Since the input voltage to the 

TT ,T L ^ CUlt ls a iways greater than the desired output voltage 
the voltage developed across series resistor Rc is varied to I in 
the desired value of output across the load resistance R . 
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figure 2-Simple series-type voltage- regulator circuit. 

across load resistor r° and va^iabl^relrt U decreases - the voltage 
counteract this voltage decrease the sl ® tot ' R S also decreases. to 
R s is decreased so that a smaller voltfoe' ^ ° f variable resistor 

the voltage across the load resistor ret developed across R s , and 
Conversely, if the input voltage to the , lts , Eor " ,er 
the voitage across load resistor Rr l 1 ® r ?9Ulator circuit increases, 
this voltage increase, the resistance ? lncreases - To counteract 

- 

is amplified and l ' e j srerlce voltage represents ® d ° ut ‘ Hlt voltage when 

-todTi^^nF regulator 8 

L ype regulators. 
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From the analysis in the preceding paragraphs, it is obvious that the 
series-type (as well as the shunt-type) voltage regulator is essen- 
tially a voltage-divider circuit, with the output voltage produced 
across the load being essentially constant, regardless of input 
voltage or load current variations. The control action required to 
vary the series regulating device and, consequently, to produce a 
corresponding variable-voltage across Fg is completely automatic. This 
basic principle of voltage regulation is used in the transistorized, 
series-type voltage regulators to be described later in this infor- 
ma t ion sheet . 


Breakdown-diode shunt-type regulator (zener) 

The breakdown-diode, shunt regulator is used as a voltage regulator 
where the load is relatively constant. This circuit is frequently 
used in more complex regulator circuits as a reference-voltage source 
and as a preregulator in transistorized series regulators. 


Characteristics 


1. Uses a breakdown, or zener, diode as a shunt regulating device. 

2. Regulated output voltage to load is nearly constant, even 
though changes in input voltage or changes in load current 
occur . 


3. Voltage-divider principle is employed, using a fixed re- 
sistor and a breakdown diode in series; regulated load is 
taken from across the diode. 


4. Variation in the basic circuit permits positive or negative 
voltages to be regulated. 

The breakdown-diode regulator is the simplest form of shunt regulator. 
The regulator circuit consists of a fixed resistor in series with a 
breakdown, or zener diode. The regulated output voltage is developed 
across the diode; therefore, the load is connected across the diode. 
The regulator circuit develops a definite output voltage that is 
dependent upon the characteristics of the particular breakdown diode. 
Breakdown diodes are currently available with voltage ratings between 
2 and 200 volts, in 5-, 10- and 20-percent tolerances, and with power 
dissipation ratings as high as 50 watts. 

The breakdown, or zener, diode is a PN junction which has been 
modified during its manufacture to produce a specific breakdown 
voltage level; it operates with a relatively close voltage tolerance 
over a considerable range of reverse current. The breakdown diode is 
subject to a variation in resistance with a change in temperature of 
the diode. (A circuit that compensates for this change in resistance 
is discussed later.) 
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Circuit operation, in figure 3, schematics "A" and "B" illustrate a 
breakdown diode used in a basic voltage-regulator circuit. The two 
parts are identical in configuration with the electron-tube , gaseous- 
type voltage regulator. Resistor Rj is the series resistor; semi- 
conductor CP i is a breakdown, or zener, diode. The circuit in "A" 
provides regulation of a positive input voltage, while the circuit in 
"B" provides regulation of a negative input voltage. 


The design of the breakdown-diode regulator differs from that of the 
gas-tube regulator circuit in that no "firing", or "ionizing", 
potential must be considered when the value of the series resistance 
is determined. it is likely that both the input voltage and the load 
current for the regulator will be subject to variation; therefore, the 
breakdown-d iode regulator is designed to operate within the extremes 
to be encountered. 

Rl 



regulated 

output 

(LOAD) 


- o- 


UNREGULATED 

INPUT 



>REGULATED 
;t OUTPUT 

( FROM D-C SOURCE) (LOAD) 

+ 0l 

B 

FIGURE 3 - Simple breakdown— diode regulator circuits. 

The series resistor, Rl , needs only to stabilize the load* it com- 
pensates for any difference between the diode operating voltane and 

dependrunon^the rh' VO i tage ' ^ ValUe ° f th " *eriel resistor 
ln«ri d Thf h Comb } ned currents of the breakdown diode and the 

factors in mind 65 ^ slstor ls generally chosen with the following 
factors in mind; the minimum value of input voltage ( unreaul ated \ 

va^'o^Lrllfresis^or ¥""5 ^ 

»ined*by e co„sidering*the^roaxinium S value^o£ input^voltage^unir* 

established for Rl ) in orriP n Ik! ! ?! Series resistance 

breakdown diode must be operated so that it! r! ° peration ' the 

upyracea so that its reverse current falls 
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within its minimum and maximum ratings for the specified voltage. It 
is i m p o r t a n t t c ) n o t e t h a t i n n o - 1 o a ci c o n d 1 1 1 o n s , the breakdown d i od e 
must d 1 s s i. p a t e l: h e f : u 1 .1. o u t p u t p owe r ; t: h e r e f: o re , this regulator 
c i. r c u 1 1 i s n e v e r u s e d .i. 1 1 a p p i. i. c a t i o n s where a n o- 1 oa d condition i s 
likely t o e x i s t . I n s t e a d , the b r e a k d o w n -diode r e g u 1 a t o r is most often 
used in a p pi i c a t ion s w l i o r o t: he out p u t voltage is f: i x e d and t h e 1 o a d 
cu r re n t i s r e ]. a I:. i v o 'I y c ons t a n t . 

I f t h e i. n pul v o 1 t a go to 1 1 1 e r e g 1 1 1 a t o r c i. r c u i t decreases, the voltage 

decrease appears across the breakdown diode, , and immediately the 
current through the diode decreases. Thus, the total current through 
series r e s i s to r R j d ( j c t :■ o a s e s , a n d t h e v o 1 1 a g e developed across R ] 
decreases proportionately, so that for all practical purposes the 
output voltage across the load resistance (and breakdown diode) 
remains the same. Conversely, it: the input voltage to the regulator 

circuit increases , the voltage i ncrease appears across the breakdown 

diode , a nd i. mmo< 1 i at .1 oy t lie cu r re n t t h roug h. t he d 1 ode increases. Thus , 
t h e t ota 1 c u rronl. tl'i rough s e r i. e s i: e s .i. s t o r R j increases, an d t h e 
vol tage developed across Rj increases proportionately, so that for all 
practical purposes the output, voltage across the load resistance (and 
breakdown diode) remains the same. Conversely, if the input, voltage 
to the regulator circuit, increases, the voltage increases appears 
across the breakdown diode, and immediately the current through the 
diode increases. Thus, the total current through series resistor R] 
increases, and the volt ago developed across R} increases propor- 
tionately, so that, tor a . 1 . 1 . pact. i. cal purposes the output voltage across 
the load resistance (and diode) remains the same. 

If the current drawn by the load resistance decreases, the total 
current: drawn I torn the input, source does not: change. Instead, a 
corresponding increase in current through the breakdown diode occurs 
and t h e c urront drawn I rum 1. 1 1 e s o u r c e r e mains c o n s k a n t , so t h a t t h e 
output, voltage across the load resistance remains constant. 

Environmental temperature extremes, as well as junction temperature 
changes , may result, in variations of the internal impedance of. the 
breakdown diode, which, in turn, results in changes ol. the output 
voltage . Titus, i n practical circuits, provisions must be made to 
compensate for any variat ion of the impedance of the breakdown diode. 

T h e t: e m p e r a I . u r e cool f : i c ,i. e n 1 . of r o s i. s t: a n c e of the breakdown d lode i s 
norma 1 1 y se v e ra 1 t into s I. a rg e r 1: ha n t he neg a t i. ve temperat u re co- 
e f 1: i c i. e n t o I: r e s i. s l . a n c e of* e i. t her the f o r w a r d ■ - b i a s e d or reversed- 
blase d j u n c 1 1 o n (. i i. o< l e , ( ) n e commonly used method of temperature 

compensation used to obtain a zero coefficient of resistance over a 
wide range of temperature is to connect negative- temperature devices, 
such a s I: o r ward- b i a s o < I d 1 od o s o r t h e r m i s tors, ^ in series v; 1 1 h t e 
b re a k down d i. od e . T h .i s me t hod i s illustrated in figure 4 . 




FIGURE 4 - Temperature-compensated vol tage- regu la tor circuits. 

The negative temperature coefficent of . . 

CR 3 in series equals the positive temperature coef^ cfent'of^ 2 
si stance o£ the breakdown diode ra, f atL “ cient of re- 
forward biased the vnlt-ane ^ ‘ If diodes CR2 and CR3 are 

and, consequently, will have npnM C T? S Tr 1 " wil1 be kept to a minimum 
output voltage. negligible effect on the value of the 

a.scrib.a V °i““' ■ 

voltage, l-’eatS * M ‘"'“ t 
Breakdown diodes are np>nprai 1 u j . . 

the more complex transistorized reference-voltage source in 

voltage of aVeakdown diode U relattvefv'cnn 0 ^ the breakdown 

of reverse current. * ^ constant over a wide range 


S e ries-transi stor regulator 


This regulator is used when it is nerpqq^w 

to the load resistor (voltaue devPlnnpH L Y that ^ he Voltage supplied 
constant under varvinn loa^rnnHH P d across R L ) remain relatively 
drawings of the e . 1 Ul ° nS ; Flyure 5 shows simplified 

regulator for a positive n ^ Ulat “; Fisure 5(A > sh °« a 
for a negative supply voltaae The sbows 3 regulator 

regulated will determine the type of transistor t^be^sed . ^ ** 

The co 1 lec tor^of U t he°regu lat inq S tra ns ist^ transistor as the regulator. 

unregulated power supply. B - or proper bias on TnfTT T, the 


transistor. a constant (rift , positive) potential on the 

base. As a result, the transistol haf ."Stained on the 
and reverse bias, collector to base^ forward bl3 s, emitter to base, 


84 





FIGURE 5 - Series- transistor regulators. 

Reversing the applied polarities to the PNP transistor in figure 5(B) 
will apply the proper polarities for correct biasing to that tran- 
sistor, To understand the regulating action, think of the transistor 
as replacing resistor R s shown in figure 2. With forward bias applied 
to the err i tter-base junction, the transistor conducts, causing part of 
the unregulated supply voltage to be developed from collector to 
emitter across the transistor. The rest of the unregulated supply 
voltage is developed across the load. The voltage developed across 
the load is the regulated voltage. To change the conducting re- 
sistance of the transistor, it is necessary to change the forward 
bias. An increase in forward bias causes an increase in conduction 
and therefore a decrease in conducting resistance. A decrease in 
forward bias causes an increase in conducting resistance. Since the 
base potential is held constant by the battery, the only change in 
bias can be caused by an attempted change in load potential, or the 
regulated supply potential at the emitter. 

A change in forward bias, then, gives the same result as turning the 
rheostat arm in the circuit illustrated in figure 2. To illustrate 
this point, consider an increase in load current. This increase is 
caused by a decrease in load resistance (as when switching in another 
parallel path for current) . Load voltage tends to decrease with load 
resistance. This is seen as a change in forward bias on the regulator 
transistor. Since the emitter voltage is decreased, the forward bias 
is increased. As a result, the transistor (in series with the load) 
conducts the new higher load current, and the conducting resistance of 
the transistor decreases. The decrease in resistance causes less of 
the supply voltage to be developed across the transistor, leaving 
nearly the same voltage available to the load that it had prior to the 
load change . 
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Shunt-detected series voltage regulator: 
input (A). Negative input (B). 


positive 


The voltage' 


base of 


:h the load) and selects a portion of this 
, 02 ■ The forward bias for q 2 is selected by 
LSince the potential on CRi does not change, the 
only way to change the forward bias on Q 2 is to have a change in load 
voltage or change the position of the potentiometer arm on R5 . 


I n 

to 


a cycle of circuit operation, suppose that the load voltage begins 
increase. Since the voltage divider (composed of R 4 . Re, and Rr ) 

i,t 1 l*i 4- K /-*x 1 v a 1 , t * _* . tt- _ _ . ^ — * O 


is in parallel with the load, this increase will fall across the 
voltage divider, which will cause an increase at the base of the 
control transistor O2 • The increase on the base of q 2 will increase 
the difference in the base potential and the emitter potential and 
increase forward bias on Q 2 , which will cause conduction in Q 2 to 
increase. The increase in current through the collector will also 
through R l . An increase in current through r 2 will cause the 
collector voltage of p 2 to decrease. Since the voltage from the 
collector of Q 2 to ground is the base voltage of Q 1 , then the base 
voltage of Q 1 will decrease. This decrease in voltage on the base 
Qj is seen as a decrease in its forward bias. A decrease in 


be 


of 
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forward bias effectively increases the conducting resistance of Q p. Of 
then develops more voltage across its higher resistance and returns 
the load voltage to practically the same value it had prior to its 
attempted increase. Since Q 2 is a high-gain transistor, it takes a 
very small change in base voltage to control what could have been a 
relatiavely large change in load voltrage. 

Gas- tube regulator 

The gas-tube regulator is one of the simplest types of voltage 
regulators. The regulator circuit consists of a fixed resistor in 
series with a cold-cathode, gas-filled regulator tube. The regulated 
output voltage is developed across the regulator tube; therefore, it 
is across this tube that the load is connected. 

The regulator circuit develops a definite output voltage, which is 
dependent upon the type of gas tube used in the circuit, provided the 
variation in load current is within the operating range of the type of 
tube used. Gas tubes are rated according to the voltage across the 
tube during normal operation and according to the maximum permissible 
current through the tube. Typical approximate operating voltage 
ratings for cold-cathode, gas-filled tubes are 75, 90, 105, and 150 
volts d-c; typical maximum current ratings are 30, 40, and 50 milli- 
amperes. *3 n 



C D 

FIGURE 9 - Gas-tube regulator circuits. 
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Pi nn re 9 / parts A and B, illustrate a gas tube used in a basic 
voltage- re g u la tor circuit. Resistor Rg is the series resistor; 
electron tube Vf is the gas- filled regulator tube. The circuit in part 
a nrovides regulation of a positive input voltage, while the circuit 
in part B provides regulation of a negative input voltage. Several 
regulator tubes may be connected in a series combination, if desired, 
to obtain u higher regulated output voltage. in the accompanying 
circuit schematic, parts C and D illustrate two regulator tubes in 
series. The circuit in part C provides regulation of a positive input 
voltage r while the circuit in part D provides regulation of a negative 
input vo 1 1 age . Intermediate regulated voltages can be obtained from 
the juncti on of the regulator tubes in the latter two circuits (or 
from the junction of any series combination of regulator tubes), 
provided that the current drain of the associated load is kept low. 

The cold— c a t bode , gas- tilled regulator tube is a two-electrode tube 
with a cathode and plate. The evacuated tube contains a small amount 
of gas, such as neon, which is sealed inside the tube. When suffi- 
cient voltage is applied to the tube, ionization of the gas molecules 
occurs and is responsible for the current passing through the tube 
during operation. If a gas tube is connected directly across a source 
of voltage that is high enough to ionize the gas, the current will 
immediately increase to such proportions that the tube may be damaged. 
The use of a series resistance is essential, therefore, to limit the 
current through the tube. 

There are two separate voltages to be considered in discussing the 
conditions under which the regulator tube will ionize and operate--the 
breakdown, or firing, voltage and the operating voltage. The break- 
down (or tiring) voltage is the value of voltage at which the gas 
becomes ionized and begins to pass current. Below this starting 
voltage, the gas will not ionize and current will not pass through the 
tube. The operating voltage is the value of voltage at which the tube 
will remain ionized after having started. There is a considerable 
difference between the supply voltage and the voltage at which the 
regulator operates. This difference is compensated for by the series 
resistor, which also serves to stabilize the load. 

The value of the series resistor depends upon the maximum d-c voltage 
input to the regulator circuit, the regulated d-c output voltage, and 
the combined currents of the regulator tube and the load. The 
resistor is generally chosen to be of sufficient resistance to limit 
the current through the regulator tube to a value that is always less 
than the rated maximum operating current. The current through the 
regulator tube at the instant of ionization and before the load 
current has risen to its normal value may initially exceed the maximum 
value; however, as soon as the load current rises to its normal value, 
the regulator tube current drops to a value that is within operating 
limits , becausG of the series resistance in the circuit. 


89 



aJplufvoiSe?^^" tube changes, depending upon the 

tube chances when F 1 \ '■ a eternal resistance of the regulator 
resistance a 1“ applied voltage increases to lower the tube 

voltage decreases , hc CUr " ent , lS passed ‘ Conversely, when the applied 
tube resistance ' ionization of the gas decreases to increase the 

resistance, and a smaller current is passed. 

tube^current 'bothbpass ' throuah thf' the l0ad CUrrent and the regulafor 

input voltanp to 1! through the series resistor, p s . if the d-c 
regulator tube ilsn . re ^ u ' a ' oc ' circuit drops, the voltage across the 

the tube deionizes s^ hH, m °' nen , t ?‘ :lIy ' at which time the 9 as within 
regulator tube th ? Y T d leSS cu "ent passes through the 
decreases by the Z ""f'T he current through the series resistor 

th n tt „ ° ° th6 decrease in th e regulator tube. since 

develop through the series resistor decreases, the voltage 

delivered to C the load 1 S t0r also decrease s and the output voltage 

s iroi la r^manner , 16 i f°the * input^oi tapp 8 toTh *" 0 value, "m a 

i nrrpaWQ f L ,, input voltage to the regulator circuit 
tarily at which timf the regulator also increases momen- 

^rougi^hfs^!:: S r±:^nKr ;?a ? ^ e . l 8 T h f „ U . r ^ i o°u n i^t ,nd 

the series resistor increases the^nH^ ii' lnc 'f th ? curi:en t through 
rP cj,r f , r : increases, the voltage developed across the 

jn* «'tS‘«so«„“'“«„ST;«„ occu "' a 

resistor, R s , would immediately increase As a r p«*nH- u 

2.K tsszz 

;s %isn.s“n. 

artV ltf i-K voltage across the regulator tube would increase moment- 
arily, the gas within the tube would be further ionWpH rnoment 

current would pass through the regulator tube. Thus, the current 
through the series resistor would increase q in rp iL , f ?u 

the series resistor increases, the voltage ‘developed acros^the 
resistor also increases, and the output voltage delivered to t-h« 1 h 
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The d-c input voltage required to causes ionization of the regulator 
tube when the circuit is first energized is approximately 30 percent 
greater than the operating voltage specified for the regulator tube. 
The output voltage of the regulator circuit quickly drops to the 
operating value of the regulator tube as soon as the tube ionizes and 
begins to conduct, which causes a voltage drop to appear across the 
series resistance, R s . In order to obtain stable operation, the 
regulator tube must be operated so that it is ionized at all times, 
and its operating current must fall within specified maximum and 
minimum current ratings. If, for some reason, the operating current 
exceeds the specified maximum current rating or if the voltage across 
the tube is excessive, the tube will become highly ionized, will lose 
its ability to regulate, and may be permanently damaged. Conversely, 
if the operating current drops below the specified minimum current 
rating (approximately 5 mill iamperes) , the tube will become deionized 
and will no longer regulate the output. 

Also, if the voltage across the regulator tube drops below the 
specified operating voltage to a value that is approximately 70 
percent of the breakdown (or firing) voltage, the tube will become 
de ion i zed . 

The value of the series resistor, Rg, can be approximated by using the 
following formula: 

R S = E bb - E o 

ip + iload 

where E^b = unregulated d-c input (supply) voltage 

E 0 = regulated output voltage (to load) 

Ip = regulator-tube current 
I load = load current 

When operation of the regulator tube is desired at the midpoint of its 
rated current range, the value of the tube current used in the formula 
is given as: 

I p = imax + imin 
2 

where: i max = rated maximum tube current 

I m i n = rated minimum tube current 
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In applications where a regulated voltage greater than the 
rating of a single regulator rube is required, several reg 
may be connected in series to obtain regulation of the des 
voltage. Furthermore, if the current drain of the load is 
intermediate regulated voltage can be obtained at the junc 
two regulator tubes of the series. Figure 9, parts C and 
trates two regulator tubes connected in series. This circ 
uration permits a lower regulated voltage ( E 0 No. 2) to be 
the d-c supply. Note that the current through regulator t 
the load current of the lower regulated voltage { E 0 No. 2) 
through regulator tube V]_; therefore, the load current of 
voltage must be relatively small to prevent the combined c 
exceeding the maximum current rating of regulator tube V\ . 
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NOTETAKING SHEET 3 . 3 * IN 


POWER SUPPLY REGULATORS 


REFERENCES: 

1. Basic Electronics , Vol . I. NAVPERS 10087-C. 

2 , Electronic Circuits. NAVSEA 0967-P-000-0120 . Chapter 
pages 3-1 to 3-4, 3-16 to 3-25, and 3-51 to 3-53. 

3. Slurzberg, Morris and William Osterheld. Essentials of 
Radio Electronics . Second Edition. McGraw-Hill, Inc., 

4. Slurzberg, Morris and William Osterheld, Essentials of 
Communication Electronics . Third Edition. McGraw- Hill 
Inc . , 197 3 . 

A. Fundamental Regulators 
1 . Series regulator 



2 . Shunt regulator 


1961 
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UNREGULATED 

INPUT 

VOLTAGE 


9 


Gas-tube Voltage Regulator 


1. Characteristics 








3 


Mathematical analysis 



FIGURE 4 - GAS TUBE REGULATOR 


C. Zener (breakdown) Diode voltage Regulator 
1. Characteristics 
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D. Series-transistor Regulator 
1. Characteristics 



2. Circuit operation 
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E. Shunt-transistor Regulator 


1 . Characteristics 



2. Circuit operation 


F. Shunt-detected series Voltage Regulator 


1. Characteristics 
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NOTETAKING SHEET 3.3.2N 


POWER SUPPLY (Circuit Operation) 

Record all calculations, measurements, and waveforms as the 
instructor indicates during the lecture demonstration , 

G. Power-supply Rectifier Operation 


HALF-WAVE 



FULL- WAVE 




HALF-WAVE FULL-WAVE 



Calculated E sec 




Calculated E sec pk 




Calculated E< 3 - c 




Measured Ed_ c 




Measured E r ip 




Ripple freq. 




Input waveform 




Output waveform 
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Review questions 


1 . 


Which power supply output would be 
Answer : 


easiest to 


filter? 


2 , why? 

Answer : 


Full-wave bridge rectifiers 



FULL- WAVE BRIDGE 



! Calculated E sec 

- — — 

Calculated E sec pk 


I Calculated E ( j_ c 

— * — 

Measured E d _ c 

Measured E r ip 

rH 

Ripple freq 


Input waveform 


Output waveform 
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Review question 

1. Compare the full-wave bridge rectifier to a half-wave and a 
full-wave rectifier in terms of E>a~ c and ripple frequency. 

Answer : 


“FULL- VVAV£ DOUBLER HALF-WAVE DOUBLER 
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Review questions 

1. Which power supply output would be easiest to filter? 
Answer: _____ 


2. Why? 

Answer: 


Full-wave bridge rectifiers 



FULL- WAVE BRIDGE 



Calculated E sec 


Calculated E sec pk 


Calculated E^-q 


Measured 


1 Measured E r j_p 


Ripple freq 


Input waveform 


Output waveform 
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inp.u'o the I" I l-wavo bru'kjo reel:, i. f ier to a halt-wave and a 
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Review questions 


1 , 


What is the working voltage (WV) 
full-wave doubler? 

Answer: ; 0 , 2 ~ 


of the capacitors 


in the 


2 . 


What is the working voltage (WV) of the 
half-wave doubler? 

Answer: C 1 = ; Co = 


capacitors 


i n t he 


H. Power-supply Filter Operation 
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Capacitive-input filters 




FULL-WAVE 



Review question 

1. Compare the half-wave, capacitor-input, filtered power supply 
to the full-wave, capaci tor- input , filtered power supply in 
terms of Ea- C and ripply frequency. 

Answer: — 
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Inductive-i npu t filters 



Calculated E t ]_ c A 









Measured E(j-. c 

A 

B 


r x 

i 

1 Measured E r ip at “A" 





Measured at "B" 




Ripple t'req. 




Waveform at "A" 




Waveform at "B" 





Review question 


1 . 


Sm!”! inductor-input filter, tc 

tiller in terras of R a and voltage 
characteristics. 


the capacitor-input 
regulation 


Answer: 
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Calculated E 


sec" 


Measured E(j_ c 


Measured E r ip 


Waveform 


Calculated 
% Ripple 


11-sect ion 


Calculated 
^sec pk = 


Measured E<j_ c 


Measured E r ip 


Waveform 


Calculated 
% Ripple 



AT POINT A 


AT POINT B 














Review questions 


1. Which of the filters above provides the best filtering 
action? 

Answer: Why? 

2. Which of the filters above provides the highest E< 3 _ c ? 

Answer:. Why? 
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I, Power-supply Voltage Regulator Operation 



Normal Increase Decrease 


^unregulated 

-17 volts 

-19 volts 

-15 volts 

Measured E re yulated 




Measured Eqi 

(collector to emitter) 




Measured 

(collector load O 2 ) 




Measured Eg^l (zener) 




Measured Er 2 ( R Lim) 
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Review questions 


1, what is the purpose of a voltage regulator? 

Answer: 

2, What is the purpose of the zener diode in a shunt-detected 
series voltage regulator? 

Answer: 

3, Refer to the voltage regulator diagram. What will happen to 
^regulated if *4 fails open? 

Answer: 

4, Refer to the voltage regulator diagram. What will happen to 
the conducting impedance (internal resistance) of Q\ and Q 2 
if the load decreases? 

Answer: O 2 1 s impedance _ - 

Ql's impedance . 


Ill 
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INFORMATION SHEET 3.4.11 


AUDIO-FREQUENCY POWER AMPLIFIERS 


INTRODUCTION 

In general, the final stage of a series of audio amplifiers is 
called the power stage. This stage differs from the preceding 
stages in that it is designed to obtain maximum a-c power out 
rather than maximum voltage gain. The purpose of a power ampli- 
fier is to efficiently deliver distortion free power to the load. 
Some distortion of the audio waveforms always takes place, but in 
a properly designed circuit this distortion will be held to a 
minimum , 

REFERENCES 


1. Basic Electronics , Vol. I. NAVPERS 10087-C. Chapter 13. 


2. Electronic Circuits . NAVSHIPS 0967-000-0120, Chapter 5. 


3. Shrader, Robert. Electronic Communications . Fourth Edi- 
tion/ N.Y., McGraw-Hill Book Company, 1980, Pages 296 to 
301 . 


GENERAL INFORMATION 

There is no distinct, clear-cut line at which an amplifier ceases 
to be a voltage amplifier and becomes classified as a power am- 
plifier. You are already aware of the fact that the amplifiers 
you have previously studied are capable of both voltage and power 
gains. There are, however, very distinct differences in the cir- 
cuitry of voltage and power amplifiers. 

Voltage amplifiers are designed to deliver a large voltage to a 
given load impedance <Zl). A power gain usually results but is 
of secondary importance. Power amplifiers, on the other hand, 
are designed to deliver a large power to a given load impedance 
(Z L ). Normally voltage or current gain occurs, but again, 
this is of secondary importance. 

The operations of both types of circuits are similar, but the 
outputs are determined by the device used (type of transistor) 
and the circuitry. The voltage amplifiers are characterized by 
transistors that have relatively low-output currents. These 
currents, however, are fed to load impedance (Zp.) that are very 
large, when compared with the output impedance of the transistor; 
therefore, we have a circuit that produces a large voltage across 
the load impedance. Because of the small amount of current, the 
transistor dissipates very little power. 
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lector nnwpr ® n to.ensure that the maximum col- 

result in irreparable damaged the "device? 6 ^ ' TKlS C ° Uld 

in tact, they 3 ^ iss ipate^ower 1 "th^t ransis ^ enerate power; 

generate power, wha? then do^ U do? £rans r'“ S " 0t , 

applied 171 ** that . permit the inversion of theVc p«r " 
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r * ' yLause ot the resistance of the transi gt-nr t-u^ 

current thy^nnh u lu„ j . . LL a ns is cor and the 

can never be 100 percent ef f icie nt? lpateS P owelr ' - therefore, it 
EFFICIENCY 

The percentage of efficiency is a measure of hnu T , Ql1 
amplifier converts d-c power to u «J,n * ° f h wel * a power 
for percentage of efficient is ° P ° W6r - The £ormula 


% of efficiency 


!- a " c [.output power) x 100 

d*~c (input power) 


percentage of circuit efficiency Each y ' and 

different value of efficient, n S, 1 these ex P resses a 
efficiency vq hair* lency^ Regardless of which value of 

ts the same P the ValU * ° f P *~c in the formula 

formulas: a c Y e ermined by any of the basic power 

P a-c = Isig x E sig ; P a _ c - (I sig )2 x Zl; 

p a~cE = E s ^ qE )2 
2 L 

is e the r va?ue°represfntTng a the a d-c e input"power? ^ ° f efficienc ^ 

used" P and e it a exD?ess^ leC h 0 r H effiCienCY " is the value most often 
p esses a higher percentage value than any other* 

Percentage of collector efficiency = p^_ n x iqq 

p d-c 
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The value of d — c power Is cl e tie rrni ned by the vollage s c i. o s s fhe 
transistor, or from collector to emitter times the 

collector current {I c ) Pd-c “ V CE x I C* 

Percentage of collector efficiency - P n - c _ x 1 ^ h 

V CF x >G 

The percentage of collector circuit efficiency is determined by 
using the collector supply voltage (Vc<g) times the collector 
current ( Ip ) / 

Percentage of collector circuit efficiency = Pa-c 100 

V CC x I C 

The percentage of circuit efficiency is the lowest percentage 
figure for any given amplifier. The value of Pd-c usecX here is 
the coliectsor supply (Vg^) times the collector supply current 

( I CC ) • 

Percentage of circuit efficiency = P a - .c x 

V CC x X CC 

Although single— ended power amplifiers are not too commonly found 
with resistive loads, figure 1 is used to illustrate the 
difference between the values of efficiency. 



FIGURE 1 - Single- ended power amplifier. 
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It; is evident that when using Vgg x for PO(j_ c to find circuit 

efficiency, the total d-c power input to the circuit is being 
used, therefore yielding the lowest value of efficiency. When 
determining collector circuit efficiency, where x Ig is used 

tor determining P^i— c , the d-c power dissipated by and R 2 is 
eliminated, which yields a higher percentage. When determining 
collector efficiency, where Vgg x I c is used for Pd- C , all d-c 
power dissipation is eliminated, except that of the transistor 
itself. This, of course, yields the highest percentage of 
e f: f iciency . 


As stated, the most often used figure is the collector 
efficiency, but the figures for circuit efficiency give a better 
overall picture of the circuit's ability to convert d-c power to 
a-c power. in actual cases, none of the figures for efficiency 
will exceed 50 percent. In fact, percentage of efficiency will 
always be less than 50 percent. The maximum theoretical 
collector efficiency is 50 percent; and of course, collector 
efficiency is the highest percentage figure. 


In determining the maximum theoretical efficiency, it is nec- 
essary to drive the transistor to its limits. It should be noted 
at this time that the distortion of the collector current cannot 
be tolerated if there is to be any fidelity. Another factor to 
consi er ere is that the average value of collector current has 
been reduced under a signal condition. If a power amplifier is 
to be used when fidelity is of importance, it is necessary to 
sacrifice output power and efficiency. 

DISTORTION IN A TRANSISTOR POWER AMPLIFIER 

and tD undPr f C °”* s . from !l wo , of the transistor's characteristics 
' certain conditions, from other circuit components. 

This r charac?erisHn UneVen Spac !"9 between the VCE-IC curves, 
or even-order (seen / r ® s P° n p b le for the distortion called 112, 

input imoedanoi nhr ? f harm0nic di stortion. The nonlinear 
L chai acter is t ic also contributes to H2 distortion. 



FIGURE 2 - v 
V CE 


' X C curves 
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The graph in figure 3 is a plot of the versus the 1^ , or 

a plot of the input resistasnce. It is plainly evident that a 
symmetrical sine wave of voltage applied to the input (voltage, 
emitter to base) does not cause a linear change of base current 



Transformer Coupling 

Single-ended power amplifiers are rarely terminated in resistive 
load impedances? a resistor in the collector circuit of a 
transistor would dissipate power, even in a static state. 

Although average collector current varies under signal con- 
ditions, the resistor would still dissipate d-c power. This 
represents a drastic reduction in efficiency? and in order to 
avoid this, transformer coupling is used. By using a trans- 
former, the only resistance in the collector circuit is the very 
small d-c resistance of the primary winding. Thus, the d-c power 
dissipation is greatly reduced under signal conditions, and the 
efficiency is increased. 


Another problem introduced with the use of transformer coupling 
is the possible introduction of H2 or even-order (second order) 
harmonic distortion. The d-c current 
will be flowing 


flux condition, 


of the transistor collector 
in the primary of the transformer, which sets a 
as shown in figure 4, point A. 
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As signal current is increased, the transformer core approaches 
saturation. If the amplifier is driven too hard, the core will 
saturate and cause clipping of the signal, as indicated in figure 
4. This is known as H2 distortion. 


PARAPHASH! AMPLIFIER CIRCUITS 
General 


Phase- i nver ter circuits are used to produce an oppositely 
polarized signal simultaneously with the normal output: signal. 
Thus, two equal and opposite signals are produced for driving 
push-pull amplifiers. Since the outputs are usually equal in 
amplitude and opposite in polarity, they are commonly spoken of 
as being oppositely phased — one signal is always at its minimum 
when the other signal is at its maximum; therefore, they are out 
of phase with respect to each other. Any actual change in phase, 
such as might occur at low frequencies in conventional audio 
amplifiers, similarly exists in the phase inverter. Because the 
conventional common amplifier inverts the input: signal in the 
collector circuit, simple single-stage phase inverters can be 
developed by taking one output from the emitter and the other 
output from the collector. Another method is to use transformer 
coupling with a center tap on the transformer secondary. 

One-stage phase inverter 

Application 


The one stage phase inverter is used to supply two oppositely 
polarized outputs, from a single-ended input signal, to drive 
push-pull amplifier stages. It is used in radio receivers, 
public address systems, and transmitter modulator stages, usually 
as the driver stage for the power amplifier. 

Characteristics 


1. The one-stage phase inverter 
single-stage amplier. 

2. The one-stage phase inverter 
input signal. 


requires more drive than a 
supplies two outputs with one 


3 . 


The outputs are oppositely polarized 
same amplitude. 


and of 


approx innate ly 


t ho 


4. 


The bias and load resistance are selected 
output signals. 


to provide 


equa ! 



The one-stage 
response than 


phase inverter provides better frequency 
is possible with an input transformer. 
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6. The one-stage phase inverter is class A- biased for equal swings; 
normally, it does not use either class AB or class B operation. 

7 . The one-stage phase inverter usually uses fixed-bias, but 
applications of self -bias may be encountered. 

Circuit analysis 

General 

Where a single-ended stage is used to drive a push-pull amplifier, 
it is necessary to supply the push-pull stage with two input signals 
of opposite polarity. While a center- tapped transformer may be 
used, it has been found that RC coupling generally provides better 
frequency response, more economically, with a reduction in weight 
and space, by the elimination of the transformer. The unbalanced 
phase inverter, which uses a load in the emitter and a load in the 
collector to develop the oppositely polarized outputs, is sometimes 
referred to in other publicatons as the "split-load circuit." 
Actually, the load is not split; identical load resistors are used 
to obtain equal output amplitudes. A balanced output condition may 
be obtained in the single-stage phase inverter by adding another 
res istor . 

Circuit Operation, 

A one-stage unbalanced phase inverter is illustrated in figure 5 . 



A 


FIGURE 5 . — One-stage unbalanced phase inverter. 

Fixed voltage-divider bias is supplied by resistors Rj and R2. The 
bias is normally class A, with the transistor operating at the 
center of its dynamic transfer curve. Thus, equal swings about the 
bias point (with equal loads) will produce equal output signals, R3 
is the collector load, and R4 is the emitter load. Both loads are 
of the same value to produce equal output signals, which are coupled 
through C cc ;l and C cc 2 to the push-pull stage. 
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The two-stage phase inverter is used in receivers, public address 
systems, and modulators to produce sufficient power to drive a 
high-powered push-pull stage from a single-ended input. 

Charateristics 

1 . Only a small input signal is necessary to drive the stages to 
full output. 

2 . The two-stage phase inverter supplies two output signals for 
a single input signal. 

3 . The output phases {and polarities) are opposite and suitable 
for a push-pull input. 

4 . Operation is usually class A, although class AB or class B 
applications may be encountered. 

5 . More than twice the power output of a single-stage phase 
inverter is obtained. 

6. Distortion is equal to or less than that of the single-stage 
c i rcu i t . 

Circuit analysis 

General. The two-stage phase inverter uses two separate 
transistors operating at their full capabilities in the 
common-emitter configuration to provide a larger power output 
than the one-stage phase- inverter circuit. Since the output is 
taken from the collector of each stage, there is no negative 
feedback in the emitter circuit to overcome (as in the single 
stage), so that less drive than that required for the 
single-stage phase inverter is required. As a result, more 
output power is obtained with less drive than for a single stage. 

Circuit operation. A typical two-stage PNP transistor phase 
inverter is shown in figure 6. Transistors Qi and O2 are 
basic common-emitter-connected amplifiers, each supplying a 
single output. O2 is connected in cascade with Qg but has 
R5 connected in series with the base to limit the current and 
reduce the driving signal to a value equal to that applied to 
Q]_, With the input signal to O2 held to the same value as 
the input to Qi the output of O2 is made to equal the output 
of Q\. Since the CE circuit produces an inverted output 
polarity, the two separate output signals are equal in amplitude 
but opposite in polarity, making them suitable for driving a 
push-pull stage. Fixed class A bias is provided for both stages 
through voltage divider resistors; Rj and R2 bias Q\ f while 
Rg and R7 bias Q2. 
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the collector current flow through Rg to increase* Electron 
flow is from the supply through Rq to the collector, which 
produces a positive voltage drop at the collector (the polarity 
of this voltage drop is opposite that of the previous half 
cycle), so that the output from O2 is now positive. Since 
there is no inherent delay in the operation of the transistor, 
the positive output from Q2 and the negative output from 
appear practically simultaneously at the push-pull inputs. 

Limiting resistor R5 acts as a balancing resistor to equalize 
the output of both stages. The transistors need only be of 
similar types, matched pairs are not required. The collector 
resistors are usually made equal so that identical currents will 
produce equal output voltages. Where little power is required, 
such as that needed to drive a conventional class A push-pull 
stage, swamping resistors R4 and R9 and their associated 
bypass capacitors Ci and C2 may be eliminated from the 
circuit, and the emitters may be connected directly to ground. 

In applications where distortion becomes critical, the use of 
feedback from the collector is resorted to by connecting bias 
resistors R]_ and Rg to their collectors. In figure 6, 
resistors R2 and R7 could be eliminated by changing the 
values of both R^ and Rg . It is evident that the basic 
schematic may vary slightly, according to individual design, 
using different bias and stabilization methods; however, the 
operation will be essentially the same, since two stages of 
amplification are used to invert one of the outputs and thus 
provide a push-pull output. 



FIGURE 6 - Two-stage phase inverter. 
Transistorized push-pull, audio power amplifiers 

Audio power (class A, AB , and B) push-pull, transformer-coupled 
ampl i f ier 
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Application. The transistor push-pull t ransf ormer-coun 1 eel ,, r 
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FIGURE 7 - Push-pull transformer-coupled transistor power 
amp 1 i f ier . 


Circuit operation. Figure 7 shows a PNP push-pull, transformer- 
coupled output stage. The load resistance may be a loudspeaker, 
an RF stage, or other type of load. The load is considered to be 
resistive unless stated otherwise in the text. The input signal 
is applied to the base of both transistors through transformer 
T]_ . Note that when the top end of the secondary of is 

positive, the bottom end is negative. Thus, equal and oppositely 
polarized signals are applied to the base of transistors Qi 
and Q2 when an input signal appears in the primary of T} . 

The input signal is obtained from a preceding driver power 
amplifier stage. Very little power is required for class A 
operation; increasingly more drive power is required for class AB 
and class B operation. The actual amount of drive power needed 
depends upon the circuit design and the transistors used, it is 
on the order of 2 or 3 percent of the output. Transformer input 
coupling is used to provide maximum drive power and proper 
matching of the driver stage. Fixed bias from the collector 
supply is applied through voltage-divider resistors Ri and 
Rp>, Resistors ^E| and ^E^ are the emitter stabilizing 
resistors, which are left 'unbypassed to provide a slight amount 
of degeneration. The collector load consists of the primary 
resistance of output transformer T 2 P ius the resistance 
reflected from the load connected across the secondary. 


Class A operation. With no input signal, the stage is res ing 
its quiescent condition, drawing heavy collector current and 
operating at the point of lowest efficiency. Since no change 
collector current occurs, no output voltage is induced m the 
secondary of To. Assuming a positive input swing on the base 
of Qi and an inphase connection of 'T\ , the positive voltage 


in 

in 
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of the signal subtracts from the normal forward (negative) bias 
effectively reducing the base bias and causing less collector 
current to flow in Qi . As the collector current is reduced 
the changing lines of magnetic flux between the primary and" 
secondary of T ? induce a voltage in the secondary. At the neaf 
of the input signal, the collector current of Qi is reduced t-n 
value, and the collector voltage approaches the supply 
voitages (reaches its most negative value). Thus, the common- 

that^f < T^ rCUlt ™ akes polarity of the output signal opposite 
that of the input signal. Simultaneously, the input signal in 
Ti is applied as a negative voltage swing to the base of Oo 
(the ends of the secondary winding are oppositely polarized when 
a voltage is induced), which adds to the forward bias of 
he increase in forward bias causes an increase in the collector 
current through the primary of T 2 , and induces an inphase 
o tage in the secondary of the output load. The net result of 
the input signal is to decrease the signal output of 0i and to 
oomh? aS H thS ° UtpUt ° £ 02. These induced output voltages are 
in the secondar y of t 2 to produce the effect of a 
ollector current equivalent to twice that of a single 

transistor. Note that the collector current flows in opposite 
directions through the two halves of the primary of Ti so that 

(second anl •’ V °! tage c °">P°nent S are cancelled out 

(second and all even harmonics). The output voltage induced In 

harmonics The°ma 1StS ° f 1® £undamental component and any odd 

cance 1 led " on t in ?£ n ® r ln ” hloh . the second-harmonic component is 

of the figure thf Se f° ndar Y is shown in figure 8. In part A 

harmonic wfth rK P ° Slt t lVe si 9 dal is enhanced by the second 
narmoruc, while the negative 
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FIGURE 8 


thiTsLond^^F^* ? art B ' * he °PP osite action is shown for 

he second half-cycle of operation. The separate resultant 
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waveforms are shown in part C. In part D, they are combined to 
form a complete amplified signal with no second-harmonic content, 
lor class A operation, maximum output efficiency and the least 
d-c dissipation are obtained with maximum signal swing. To make 
certain that the power dissipation ratings of the transistor are 
not exceeded, only half the maximum permissible collecstor 
voltage is applied, since the applied voltage tends to double 
because of the inductive effect of the transformer. For class A 
operation, the transistor is biased and operated at the center of 
the forward- trans tormer-charac teris t ic curve, so that equal base- 
current swings will produce approximately equal collector-current 
swings. The transistor thus functions as a large-signal 
amplifier. Since a large-signal amplifier operates over a much 
greater range of current and voltage than a small-signal 
amplifier, circuit design is accomplished graphically, using the 
actual transistor currents to determine the range over which 
minimum distortion and maximum power output can be obtained. 

Since much heat is dissipated at the collector for large power 
outputs , the shell of the power transistor is usually 
connected firmly to the chassis for direct conduction and 
reduction of heat. (The chassis acts as a heat sink. ) Where the 
shell must be insulated from the chassis, it is usually separated 
by a thin wafer of mica (or other suitable material) to provide 
insulation and yet allow full heat transfer. Where minimum 
distortion is required, the transistors are selected in matching 
pairs. Because of the high-power-handling capability required 
for class A operation, transistors are usually operated class B 
or class AB. 

Class B operation. In true class B operation, the bias is such 
that no collector current flows for one half of the cycle. Thus, 
each transistor reproduces only half of the cycle, and two 
transistors are required to reproduce any signal faithfully (an 
exception is the class B RF amplifier, which uses a tank circuit 
and amplifies only a single frequency). Since at cutoff a 
reverse current flows in the transistor, collector current is 
never completely cut off, and a small quiescent current flows 
during the inactive half-cycles of transistor operation. (This 
quiescent reverse current should not be confused with the small 
forward current which flows in class AB operation because the 
bias is not at cutoff.) 


'c, 



lc 2 

FIGURE 9- Compasite current transfer characteristic, 
class B operation. 
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For two transistors completely biased off:, the forward transfer 
characteristic is as shown in figure 9. The two transfer curves 
are placed back-to-back to make the complete dynamic operating 
curve. Note how this curve is rounded off at the beginning and 
at the end instead of being a straight line. This is typical of 
the non-linearity obtainable at cutoff and illustrates why class 
B operation produces the greatest distortion. The accompanying 
circuit is that of a typical class B stage operated with zero 
bias, shown in figure 10. Emitter swamping resistors Rj_ and 
R 2 are used for thermal compensation and unbypassed to provide 
a slight amount of degeneration. Note here one of the 
differences between the electron tube and the transistor. At 
zero bias, the conventional electron tube conducts 





*^\T 


FIGURE 10 - Class B push-pull stage. 

heavily, and it is necessary to apply considerable negative bias 
to achieve class B operation. On the other hand, the transistor 
always has the collector reverse-biased, thus, in the absence of 
a forward base bias (that is, at zero bias), no collector current 
can flow. When a signal is to Input transformer T^ , a voltage 
is applied to the base of transistor and an oppositely 
polarized voltage is applied to the base of Q 2 (the polarity 
for the initial half-cycle is shown on the schematic). When the 
input signal is applied, the flow of current in the primary of 
Tl induces an oppositely polarized signal on the base of Qi 
(transformer connected out— of — phase ) . Thus, the positively 
swinging input appears as a negative (forward) bias on the base 
of Qi f which causes collector current to flow in the top half 
of the primary of T 2 and induces an output voltage in the 
secondary. At the same time, the input voltage applied to 0 2 
cut off. During the entire half cycle, conducts while O 2 
remains cut off. When the input signal reverses polarity, 
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reverse bias is applied to cut off Ol's collector current, and 
forward bias is applied to O2. Consequently, O2 conducts and 
the increasing collector current through the bottom half of the 
primary of induces a voltage in the secondary of the output 
transformer. During this half-cycle, Qj remains cut off while 
Q2 conducts. fhus, Qj and Qy alternately conduct when the 
input signal produces a forward bias. Since the outputs of Qi 
and Q2 are combined in the secondary of the output transformer, 
the input signal is reproduced in amplified form, but of opposite 
polarity. II: the output transformer is connected in phase, the 
same polarity of output exists as in the primary. When it is 
connected out ot: phase, the opposite polarity exists. Since 
there is no heavy flow of quiescent (when no signal is applied) 
current, maximum dissipation occurs during the signal (at about 
40 percent maximum collector current), and less heat is developed 
for the same signal as in a class A amplifier. Hence, the 
transistor can be driven harder to obtain greater efficiency and 
more power output than is obtained in the class A stage., 

Emitter swamping resistors and R2 provide a small opposing 
bias voltage to prevent thermal runaway. They are not bypassed 
with capacitors as in class A operation, because the capacitors 
would charge during the operative half cycle and discharge during 
the inoperative halt cycle, which would cause a change in bias. 
Because of the large peak current which flows through these 
resistors, they are kept to a very low value of resistance to 
prevent excessive degeneration and loss of amplification. In 
some applications, by proper selection of transistor types and 
good design, they are not needed. When used, their main function 
is to provide thermal stabilizatin, and any beneficial 
degeneration which may occur from their use is only a secondary 
consideration. Otherwise, they have no effect on the operation 
of the circuit, since the transistors operate alternately in 
class B operation. There is an increase in third-harmonic 
distortion produced when the waveform passes through zero (this 
is known as crossover distortion). The development of this type 
of distortion is shown by projecting a s ine-wave- input signal on 
the transfer-characteristic curve, as shown in figure 11 . The 
distortion is greatest for small input signals and least for 
large input signals. This distortion is eliminated by applying a 
small forward bias to the base-emitter junction of the 
transist o r s , 



12 9 


BASE (INPUT) CURRENT 



Class B operation is used only when the large amount of third- 
harmonic distortion can be tolerated. 

Class AB operation. The schematic of a class AB amplifier is 
basically identical with that of the class A amplifier. The only 
difference is the bias voltage-divider resistors and R B 
are of different values. Only a slight forward bias is applied, 
and only a small collector current flows with no signal applied. 
While this current is essentially wasted, it does eliminate the 
crossover distortion which would be produced if the forward bias 
were reduced to zero. It is evident that class AB operation 
produces slightly less output than class B operation. Because of 
the small resting current, the transistor can be driven harder 
than the class A stage; consequently, greater output can be 
obtained than for class A operation. The efficiency averages 
about 65 percent for a well-designed class AB stage. The small 
resting current, like the average current drawn in class A 
operation, cancels out the flux in the primary of the output 
transformer (each side flows in a different direction), and there 
is no output produced until a signal is applied. When the input 
signal is applied, Qi conducts and Q 2 is driven to zero 
conduction on one half cycle, while on the other half cycle, O 2 
conducts and Q]_ is driven to zero. The resultant signal swings 
are unequal and considerable second-harmonic distortion is 
produced in the primary of the output transformer; however, it is 
cancelled out in the secondary when both signals are combined 
(assuming that the transistors are fairly well matched). Thus, 
only fundamental and third-harmonic distortion can exist in the 
output. This form of operation is identical with class A 
operation, except that more odd-harmonic distortion is produced 
because the transistors operate for less than 360° of the 
cycle . 


Figure 12 shows the composite transfer characteristic for a 
typical class AB stage. When compared with the transfer curve tor 
the class B stage shown previously, it is evident that the 
operation is more linear except for very large signal swings. 
Projection of the input signal on the composite transfer curve 



class AB operation. 
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which, when compared with that of class B stage shown previously, 
indicates the improvement in fidelity obtained with class AB 
operation and the total elimination of crossover distortion, as 
shown in figure 13. 



FIGURE 13 - Development of class AB signal. 

Audio power amplifier, push-pull, single -ended complementary 
e i rcu i t . 

Application. The push-pull, s i ngle- ended complementary audio 
amplifier is u s e d w h e re h i g h pow e r ou t pu t and I: i de .1 i ty are 
required; for example, in receiver output stages, in public 
address amplifiers, and in AM modulators, where reduced weight 
and space are prime requirements. 

Characteristics 

1. Collector efficiency is high with moderate power gain. 

2. The si ngle- ended complementary audio amplifier requires only 
h a 1 f t he drive o f the conventional pu s h-pu 1 1 amplifier. 

3* Power output is twice that of a single transistor stage. 

4. No input or output transformer is used. 

5, Distortion varies with the c las s of ope r a t i on . 
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b. Usually is biased class B, but may be biased class A in some 
applications. 

7. Fixed bias is usually used, but self-bias may be encountered 
in some applications, 

Circuit anal ysis 

General. Complementary symmetry is unique with transistors and 
has no electron-tube counterpart. Recall from basic theory that 
a transistor may be either the PNP or NPN type and that the bias 
and polarities are opposite. 



FIGURE 14 Zero bias complementary-symmetry 
push-pull circuit. 

Two different types of transistors may be used back-to-back to 
provide push-pull operation without the necessity for phase- 
inverting input and output transformers. An economic advantage 
is gained in that the cost of the transformers is eliminated; and 
a more uniform response is obtained, since the reactive effects 
of the transformers are also removed from the circuit. 

Circuit operation. Figure 14 shows a typical single-ended push- 
pull complementary-symmetry circuit. The operation is class B at 
zero bias. 

Resistance-capacitance input coupling is used, with C cc 
acting as the coupling capacitor and Rj^ as the base return 
resistance across which the input signal is applied. With both 
emitters grounded and no bias applied, the bases of the 
transistors are zero— biased at cutoff. No current flows in the 
absence of an input signal. When an input is applied, both bases 
swing in the same direction. Since Q]_ is an NPN transistor, 
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the positive-going input signal produces a forward bias. £ 2 is 
a PNP transistor and requires a negative potential tor forward 
bias , the input signal has no effect other than to reverse-bias 
02 and hold 0 2 in a cutoff condition. Thus, during the 
positive halt of the input signal, only conducts. During 
the negative portion of the input signal, Q]_ is biased off: 
beyond cutoff by a reverse bias, and a forward bias is applied 
to £>2 causing collector current to flow for the entire negative 
half cycle. Thus, each transistor conducts alternately for half 
of the cycle, and two transistors are required to reproduce the 
input signal. Note that the bases are connected in parallel and 
since only one transistor operates at a time, only enough drive 
for a single stage is required instead of twice the drive as in 
normal push-pull operation. Because the transistors are of 
opposite types, two equal-voltage collector power supplies are 
required, one negatively polarized and the other positively 
polarized. (A single supply can be used with proper circuit 
changes, but twice the collector voltage of a single stage is 
required.) The load resistor, R L (which may be the voice 
coil of a loudspeaker), is connected from the common connection 
between the power supplies and the emitters. In this instance, 
the emitter end is grounded, so that the power supplies are 
actually floating above ground. When the input signal is applied 
and develops an output tor each half-cycle, the output is added 
together in the common load and no transformer Is required. To 
develop maximum power, a low impedance is needed. Otherwise, if 
h igh- impedance loads are used, an output transformer will be 
required for proper load matching. In this instance, however, 
the winding need not be center-tapped , since the output is 
single-ended. Because the output is single-ended (taken between 
the collector and ground), the collector load is calculated on 
the basis of the full p r imary- to-secondary turns ratio — not on 
one-half of the primary- to-secondary turns ratio, as in the 
conventional push-pull stage. Thus, the loading is one-fourth of 
the normal push-pull output, which accounts for the low- impedance 
output. In transistor circuits, it is necessary to separate the 
d-c component in the output from the a-c component by the 
capacitive or transformer coupling (except in the special case of 
the d-c amplifier). In the complementary arrangement, such 
provisions are unnecessary. Both d-c power supplies are 
connected in series with the transistors, and only one transistor 
is operative at a time. There is no net flow of d-c around the 
circuit. When Qj conducts, there is a flow of current through 
the transistor, and the power supply in one direction. 

When Q2 conducts, the flow is through Rp. £3/ and the power 
supply in the oppos ite direction. There is no circu fating 
current, and the d-c is effectively removed from the load 
circuit, since only the continuously varying a-c component 
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flows through the load. Likewise in t-h^ h 

no continuous flow of d-c sinrs h U base circuit, there is 
base when Qn p the current flows out of the 

The charging Lnd discharging"^? the coupling 0l C ° nducts - 
possible effect on chanainrAhp hi? ° Upllng capacitor and its 
consequence in this circuit. 86 biaS are therefor e of no 

trans is tors^ere baS^m D\ 8 “ d that the 

collector currents r ike the on ° L ' having identical gain ana 
this matching is n^essarv to d °" Uent lonal Push-pull amplifier, 
distortion, The complementary c aln maxi ™ um output with minimum 
collector currents? since Clrcuit has identical 

and the biasing is adjusted to^n nsistors are series-connected 
in the case ofllass T^I b p ^ dollect °r voltages, 
base circuit is affected h., nif ‘ L th blas P° lr| t in the 
the signal from affecting the bia- 3 " 13 baS8 current drain: keeping 
problems. So far as the techn^f ° ne ° f the im P°rtant design 
effect is that with better design c °ncerned, the practical 

with a maximum of amplification 9 ' Mh 'i S distortion is obtained, 

circuit is used in most ttan tttor amn!i f^ c “-*™itt*r 
performance is obtained from -im ° a ™P 1:L f le rs, better 
be grounded instead of £ loa t ing P [wh i th collect °r supply can 

ripple), and the effect of „„ d9 ,_ ■ h educes power supply 
which requires less baLnce 1VS teedback obtained, 

fidelity asnd response characterist itr^Both^ • a " d • im P roves 
identical except that the nrmmH ,* CS * Both circuits are 

placed on the common power supply contectk^a" 1 ^ em } tters and 
15. ^ y onnection, as shown in figure 



X 

p“uirottc^t; COlleCt0r com P lementa ry-symmetry 
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As in other common-collector circuits, no polarity inversion of 
the output signal occurs, so that the inputs and outputs are of 
the same polarity. In operation, the circuit functions in the 
same manner as the common- emit ter push-pull 

complementary-symmetry amplifier previously described. Only one 
transistor operates at a time, zero bias is employed, and the 
output is taken from the emitters to ground. Collector current 
flows through Qi , power supply V CCl and load resistor R L 
in one direction, and through V C g Q 2 , abd R L in the 
opposite direction, as the transistors are alternately forward- 
biased by the input signal. There is one difference, however, in 
that more input (drive) voltage is required to obtain full output 
because of the degenerative effect of connecting the load 
between the emitters and ground. Figure 16 shows the comple- 
mentary-symmetry push-pull circuit connected for use with a 



FIGURE 16 - Complementary-symmetry push-pull amp Li tier 
with common power supply. 

single power supply and with feedback from collector to base. 
Connecting capacitor in series with load resistor R L 
permits the use of a single power supply. Since no d-c normally 
flows through the load, the insertion of the blocking capacitor 
has no effect on either a-c or d-c operation. Since both 
transistors are connected in series with the power supply, twice 
the d-c voltage of one supply is necessary. In addition, 
resistors R\ and R 2 are employed to provide a fixed base and 
a slight amount of feedback from collector to base. The feedback 
reduces the matching requirements, and the d-c bias is adjusted 
by selecting the values of l<i and R. 2 so that equal collector 
voltages are obtained. (With the series connection of 
transistors, the same value of current flows throughout the 
circuit.) As far as dynamic operation is concerned, it is also 
identical with that of the previously discussed common-emitter 
complementary-symmetry circuit. When a forward bias is applied 
by the signal, the transistor conducts. With a sine-wave Input 
signal applied, a sine wave of current flows (at audio 
frequencies) through capacitor C\ and load Rp to develop the 
output signal. 
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NOTETAKING SHEET 3,4 .IN 


AUDIO- FREQUENCY POWER AMPLIFIERS 

REFERENCES 

1. Basic Electronics , Vol . I. NAVPERS 1.00B7-C. Chapter 13. 

2. Electronic Circuits . NAVSHIPS 09 6 7-000-0120. Chapter 5. 

3 . Shrader, Robe r t . Electronic Common i ca t ion , Fou r t h Ed i t i o n . 

N.Y.: McGraw-Hill Company, 1980. Pages 296 to 301. 

NOTETAKING OUTLINE: 

A. General Considerations 
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B. Single-ended Class A Power Amplifier 
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E. Complementary-symmetry Circuits 
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I N FORMAT I ON S H F. FT 3.5. 1 I 
RC OSCILLATORS 

INTRODUCTION 

Without the electronic oscillator, very lew advanced electronic 
circuit applications would be possible. The importance of a 
thorough understanding of oscillator theory and operation cannot be 
overemphasized. The list of equipment employing oscillators includes 
RADAR, SONAR, guided missiles, communications gear, test equipment, 
etc. RC oscillators produce a sinusoidal output without the use of 
an LC resonant tank circuit. Complete coverage of: every type of 
oscillator is impractical, but an understanding of the basic 
oscillators will provide t h e foundation for wo r k i. ng with new 
circuits or other oscillators. 


REFERENCES 

1. Basic Electronics, Vol . I, NAVPERS 10087C. Chapter 15, pages 
295 to 337. 

2 . Basic Theory and Applicat ion of T ransistor s . N A V W E PS 00-80T-86 , 
TM 11-690. Pages 165 to 180, 

3. Electronic Circuit s. NAVSHIPS 0967-000-0120. Chapter 6, pages 
6-1 to 6-48, 6-61 “to 6-67 and 6-9 4 to 6-101. 

4* Maintenance Handbook, Device 11D13A. NAVTRADEV P-2974-1 and II. 
Dec. 1965. Pages 3-17, 3-18, and 7-43. 

5. Shrader, Robe r t . E 1 e c t r o n i. c C omrn u nication . V o u r t h E d i t ion. 

New York; McGraw-Hill Book Company. Chapter 13. 


INFORMATION 

General. It is not necessary for an oscillator to employ a resonant 
circuit; any circuit that provides the necessary regenerative 
feed-back between collector and base (or emitter) can be made to 
oscillate . 
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RC Phase- Sh i f t Oscillator 

The arrangement shown in figure 1, commonly termed an "RC phase-shift 
oscillator," will oscillate at some frequency that causes the resis- 
tance-capacitance ( RC ) network to shift the signal frequency reaching 
the collector by 180° ~a CC 


| — O OUTPUT 
CC j 


FIGURE 1 - RC pnase-shift oscillator. ■=• 

Any signal on the base of the transistor pi will be amplified and 
inverted in the collector. This provides the first 180° of phase shift, 
The feedback network, composed of three RC networks connected together, 
provides the other 180° of phase shift. This means that the signal 
being returned to the base of the transistor is in phase with the 
beginning signal. The gain of the transistor must be sufficiently high 
to overcome the attenuation of the resistance coupled networks. 

With any phase-shift oscillator, a minimum of three RC networks are 
used. Each network causes a 60° phase shift. More than three RC 
networks can be used, and the phase shift of each network will be less, 
When all the networks are alike (Ceb^ = ^FB 2 = CEB 3 anc ^ ^ F ^l “ Rfb 2 “ 
r FB 3 ), the circuit will oscillate at some particular frequency deter- 
mined by the relationship of the resistance-capacitance networks. All 
other signal frequencies appearing at the base of transistor Q]_ will be 
shifted other than 60° by each network, which will cause them to become 
attenuated at the base of Qj . 

The transistor in the RC phase-shift oscillator is normally biased to 
operate class A. This is accomplished by a d-c voltage divider, 
composed of R^ and R FB 3 in the base of transistor • As the 
circuit begins to oscillate, we find that the regenerative feedback 
causes the transistor to operate at or near saturation. The emitter 
resistor r e can be left unbypassed to provide some degenerative feed- 
back. This will improve the frequency stability of the circuit. Circuit 
operation can be further improved by putting a large resistance from the 
collector of Qi to the base. This provides the circuit with more 
degenerative feedback, which will further improve the stability of the 
circuit and sine wave quality out of the phase-shift oscillator. Care 
must be taken to avoid a feedback of too much degeneration, as oscil- 
lations will stop. 
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As with most oscillators, circuit operation is started by random 
noise and circuit variations when power is first applied. Noise 
contains a broad spectrum o£ frequencies, and any noise present on 
the base of Qj will be amplified and inverted in the collector. All 
signal frequencies present on the collector will be fed back to the 
base of by the three RC networks, but only the signal that 
arrives at the base in phase with the original will be strongly 
reamplified and will maintain oscillations, 

Wien-bridge oscillator 

There are several PC oscillators in which the necessary phase 
reversal is obtained by the use of a two-stage PC-coupled amplifier. 
One such oscillator, the Wien-bridge, uses feedback from the 
collector of the second stage to the base of the first stage to 
sustain oscillations. Another type of RC oscillator, the Twin-T, 
uses regenerative feedback from the emitter of the second stage to 
the emitter of the first stage to sustain oscillations. 

The Wien-bridge oscillator is widely used in test equipment, radio 
transmitters, and other equipment that operates in the 30-kHz range 
and below. The Wien-bridge oscillator is also used in the audio- 
frequency range, where size of inductance in conventional oscil- 
lators becomes very large and prohibitive. 

The Wien-bridge oscillator, shown in figure 2, will oscillate at 
such a frequency that the input voltage to the bridge circuit, fed 
back via capacitor C4 from point B to ground and point A to ground, 
is in phase. 
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Transistor Q l is the oscillator, and transistor Q 2 acts as an 
amplifier inverter. Thus, even without the bridge circuit, composed 
of P2 1 t and 1*5' C 1 and c 2 1 this circuit would oscillate, 
since any signal that appears at the base of is amplified and 
inverted by both Qi and 03. Any signal voltage fed back to the base 
of 0 \ must, reinforce the initial signal, which causes oscillations 
to be set up and maintained. This system however would amplify 
voltages of a very wide range of frequencies: voltages of any 
frequency or of any combination of frequencies can cause oscil- 
lations. 1 he br idge circuit is then used to eliminate feedback 
signal voltages of all frequencies, except the frequency desired in 
the ou tpu t . 

Figure 3 is electrically the same circuit as figure 2 ; however it is 
easier to follow the feedback paths. 



The br idge allows a voltage of only one frequency to be effective in 
the circuit because of the degeneration and selective filtering in 
the 1. egenera t i ve feedback loop. Oscillations can take place only at 
a frequency, f Q (operating frequency), that permits the signal 
voltage across P2 / the input signal to , to be in phase with the 
output signal voltage of 02* At this time, the regenerative 
(positive) feedback voltage equals or slightly exceeds the degen- 
erative (negative) feedback voltage. Voltages of any other 
frequency are attenuated by the filter circuit between the output of 
Q2 and the input to Qj , so that the feedback voltage is not adequate 
to iiia intain oscillations at any frequency other than f Q . 
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The degenerative feedback voltage is provided by the voltage 
divider, \'<q and Lq , to the emitter of Oq . Since there is no filter 
circuit in this voltage divider and the resistances are constant, 
the amplitude of the negative feedback voltage is the same tor all 
the frequencies that may be present in the output of: • 

The regenerative feedback voltage is provided by the voltage 
divider, consisting of a series KC filter ( k q and C q ) and a pa r: a 1 L e L 
ItC filter ( R 2 and C2) to the base of Oq. If the frequency goes 
above f {.increase in frequency out), the reactances of the capaci- 

o 1 

tors C q and C2 become very small ( X c = , mak i ng the signal 

voltage at the base of Oj very small in relationship to the negative 
feedback signal voltage on the emitter. On the other hand, it: the 
frequency fails below f ^ (decreased frequency out) the reactances of 
C q and C2 become very large. In the circuit shown in figure J, the 
reactance of Cq will reduce the signal voltage "appearing” at () L 
base to a smaller voltage in relationship to the negative feedback 
signal voltage on the emitter of Qq. At f Q , the positive feedback 
voitaye is maximum and is the same or slightly higher than the 
negative feedback voltage. This will, cause the circuit to maintain 
oscillations at f Q . 

Lamp Lq in the emitter of Qq is an incandescent lamp. The reason 
for the use of this positive temperature coefficient device in the 
emitter of Qq is to stabilize the amplitude of the oscillator's out- 
put. If for some reason the amplitude of oscillations tends to 
increase, the current through the lamp will increase. When the 
current increases, the heat increases, and the lamp functions as a 
Large resistor. A greater negative feedback voltage is developed 
across the increased resistance. This causes more degeneration in 
Qq, which reduces the gain of Qq and thereby brings the output of 
the oscillator down. In the Wien-bridye osc i 1 1. a tor , this provides a 
nearly constant amplitude out. 

Twin-T oscillator 

The Twin-T oscillator (sometimes called the Parallel-T or notch 
filter oscillator), shown in figure 4, is similar to the Wien- bridge 
oscillator in that the circuit would oscillate even if the Twin-T 
network, composed of R5 , R ^, , Rg 1 Cq, C2/ and C 3 , were eliminated. 

The oscillations would be over a wide range of frequencies and for 
all practical purposes useless. 

In the Twin-T oscillator, transistor Qq is the oscillator and U2 i- s 
an emitter follower and output transistor. Transistor O2 also acts 
as a buffer amplifier to keep the oscillator from being loaded clown 
by external circuitry. 
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OUTPUT 


FIGURE 4 - Twin-T oscillator. 


s“‘“S ot 

x 1 : •; »£?"-■*“ F“»* 

the emitter nf rii T>ko ■ , sna fed back via C5 and Rt to 

out-of-phase wUh ‘ the bas^signal ^which^s^h emitte ^ of °1 is 180 ° 
shift* and o /-> no „ni ». signal, which is the second 180° phase 

must be" suf f icientlv a hinh S hr. re sustainec3 * The gain of transistor O2 

oscillations L s L t0 0verco ?? circuit losses and maintain 

ensure proper amplitude !? normally made a variable resistor to 

ampHtude of outoit sfnn a f p °t ltlve Redback and to control the 

circuit se?ec?ive to on?von°r a9ei T ° make the Twin ' T oscillator 

including a highly selective fllter^et' \ n ??x tlVe feedback P ath 
is provided frnm Jh ■ lt VQ f * lter network (the parallel-T filter) 
provided from the emitter of q 2 to the base of Of. 


The Twin-T oscillator, illustrated 

same circuit as shown in figure 4. 
easier to follow in figure 5. 


in figure 5, is electrically the 
The negative feedback path is 
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The action of the parallel-T filter circuit is such that at the 
desired frequency (f 0 ) the output of the filter network is "o" r and 
at other than f 0 , it is a higher signal voltage than the positive 
feedback signal voltage. At f G , X C3 is equal to Rg , X C 2 
is equal to Rg, x Cj is equal to Rg , and the values of 

and Rg are very large compared to all other values of 
reactance and resistance in the network. 

The degenerative feedback has two possible paths to the base of Qi . 
If the frequency tends to increase above f G , the reactance of C3 and 
Ci decrease, decreasing the attenuation of the signal. More 
degenerative feedback is therefore applied to the base of Oi . If 
the frequency tends to decrease below f G , the reactance of C 2 
increases and less of the degenerative signal is shunted to ground. 
Again more degenerative feedback is applied to the base of Qi • 

frequencies close to f Q are highly attenuated, with less and less 
attenuation as the frequencies are farther and farther removed from 
f 0 . This causes, the signal voltage at the base of Qi to increase 
above f Q or below f Q , making the negative feedback signal voltage 
greater than the positive feedback signal voltage at the emitter. 

This will sharply attenuate all frequencies but f Q . 
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FIGURE 4 - Twin-T oscillator. 

Positive feedback from the output transistor o, to the oscillator 

sLin n r :uVfh Pr r ided F bY Ca P aCit0t C 5 and^resistor r*? Iny 
to the base of o rh? 0l d S ampUfied and inverted and applied 
output of , s Lp f f P ? 68 tHe flrSt 180 ° of P hase «hift. The 
the P emitter 2 of Oi mhe fc . lts enutter and fed back via C 5 and R 3 to 

. <r u ,^1 * The signal returned to the emitter of Oi ic ions 

sh U iftf _ a P n h d S s e o W oscina e ti aSe Sl9 " a1 ' Whi ° h is the »?co*S ISO^phase 80 

must be sufficiently hin^n 91 * 6 sustained. The gain of transistor O 2 

oscillations n pc| iL P ° overcome circuit losses and maintain 

ensure proper amnlit-nde f 13 normall y niade a variable resistor to 

amplitude of n °i po f ltlve Redback and to control the 

circuit selective v °fbage. To make the Twin-T oscillator 

includina a hinhli ? n ^. one f re Quency, a negative feedback path 

is provided from the °L 1Ve f i lter network ( the Parallel-T filter) 
ptovided from the emitter ot 0 2 to the base of q 1 . 

same circu i t ' ■ ** 1 1 tra ted in fi 9 ure 5, is electrically the 


same circuit as shown in figure 4. 
easier to follow in figure 5. 


The negative feedback path is 
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The action of the parallel-T filter circuit is such that at the 
desired frequency ( f Q ) the output of the filter network is "o" , and 
at other than f 0 , it is a higher signal voltage than the positive 
feedback signal voltage. At f Q/ X C3 is equal to R 8 , X C 2 
is equal to R5 , X C^ is equal to Rg , and the values of 
x Ct and Rg are very large compared to all other values of 
reactance and resistance in the network. 

The degenerative feedback has two possible paths to the base of Qi . 
If the frequency tends to increase above f Q , the reactance of C3 and 
Cj decrease, decreasing the attenuation of the signal. More 
degenerative feedback is therefore applied to the base of Op If 
the frequency tends to decrease below f G , the reactance of C 2 
increases and less of the degenerative signal is shunted to ground. 
Again more degenerative feedback is applied to the base of n 1 . 

frequencies close to f Q are highly attenuated, with less and less 
attenuation as the frequencies are farther and farther removed from 
f 0 . This causes the signal voltage at the base of 0 \ to increase 
above f 0 or below f G , making the negative feedback signal voltage 
greater than the positive feedback signal voltage at the emitter. 

This will sharply attenuate all frequencies but f Q . 


153 




1 he Twin 1 osc 1 .1 la tor has many advantages over other types of 
oscillators. The output frequency is very stable, because of the 
sharply selective parallel-T network in the negative feedback path, 
which is unaffected by power supply fluctuations and circuit 
variations. The output amplitude can be easily varied to suit 
different needs. It is to be noted that in varying the resistor R 
which controls amplitude, the frequency out will be sliyhtly 
affected. The circuit will provide a constant amplitude of signal 
out for different load conditions. 


154 



NOTETAKING SHEET 3.5, IN 


OSCILLATORS 


REFERENCES: 

1. basic Electronics , Vol. I. NAVPERS 10087C. 

2. basic Theory and Applicat ion of Transistors. NAVWEPS 

00-8 QT-86 , TM-11-690. Pages 165 to 180. 

3. Electronics Circuits . NAVSHIPS 0967-000-0120. Chapter 6, 
pages 6-1 to 6-48, 6-61 to 6-67 and 6-94 to 6-101, 

Schrader, Robert. Electronic Communication. Fourth 

Edition, McGraw-Hill Book Company, 1980. Chapter 13. 

5. Maintenance Handbook, Device 11D13A . NAVTRADEV P-2974-1 
and II. Dec, 1965. Pages 3-17, 3-18, and 7-43. 
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A. Purpose of an Oscillator and Principles of Operation 
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B. RC Phase-shift Oscillator 
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R C phase-shift oscillator 


I Illustrations 


+vcc 







Wien-bridge Oscillator 



D. 


Twin-T Oscillator 
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FREQUENCY 


Feedback graphed 
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Armstrong Oscillator 
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2 „ Shunt-fed Hartley oscillator 

G. Col pitts Oscillator 

+ Vcc 



H. Crystal-controlled Oscillator 

1, Definition of piezoelectric effect 

2, Modes of operation 

3, Coipitts crystal-controlled oscillator 
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Harmonic Content 


1. Composition of a square wave 


2. Composition of a sawtooth 


3. Composition of a peaked wave 
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C. Bandwidth Considerations 

1. Effects on a square wave 


2. Effects on a sawtooth 


D. Mathematical Analysis of Waveforms 

1 . D-c average calculations of a square wave 
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2. d-c average calculation of a rectangular waveform 


3. D-c average calculation of a sawtooth waveform 
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RC Coupling Circuits 

1. A coupling circuit exhibits a — 

2 . The output is taken across the — 

3. The desired output is a waveform that 





• RC Integrator Circuits 

1 . An integrator is 

2 • It must exhibit a 

3. The output is taken across the - — 
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E. RC Differentiator Circuits 

1 . A differentiator is a 

2. it must exhibit 

3. The output is taken across the 
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F . L/R Circuits 
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RETRACE or 
FLYBACK TIME 


FIG. 2 SAWTOOTH WITH REST TIME 
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B . 


Rate of Charge of a Capacitor 
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c. 


Basic Sawtooth Generator Operation 


Ea- 200V 
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Unijunction Transistor (UJT) Sweep Generator 


D . 
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E. Silicon-controlled Rectifier (SCR) Sweep Generator 
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Ea=+4 5Y- 



F. Gated Sweep Generators 

1 . Transistor-gated sweep generator 
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+ Vc6 
30v 



2 ♦ Gated trapezoidal sweep generator 
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G. Gated Bootstrap Sweep Generator 
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30 V +Vcc 
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A. General In format ion 


B. Series-diode Limiters 


1. Positive limiter with a zero reference 



+ 20V 



Series-diode 


limiter with zero reference 


2. Positive limiter with a positive reference 



Series positive 


limiter with 


positive reference 
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3. Positive limiter with a negative reference 
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Series positive limiter with a negative reference 


4. Negative limiter with a zero reference 


♦20V> 

0 N-t X — 



Series negative limiter with zero reference 
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5. Negative limiter with a positive reference 



Series negative limiter with a positive reference 


6. Negative limiter with a negative reference 



Series negative limiter with a negative reference 
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C . Shunt-diode Limiters 

1. Positive limiter with a zero reference 



Shunt-diode positive limiter with a zero reference 
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2 . Pos 


itive limiter with a po 


sitive reference 
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♦ 20 V 


ov 



CRI 


♦ X 

IQV - 

“ X 


1 


Shunt pos 


-20V 

sitive limiter with a positive reference 


_ • • . _ v- 1 1 t- h neoative reference 

3 . positive limiter with a negon 


♦20vX 

O V -i.1 i ■ V " j r 

- 20 _X/ 



Shunt-diode pos 


sitive limiter with a negative reference 
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Shunt-diode negative limiter with a zero reference 


5. Negative limiter with a positive reference 


MOV — ~ 

X 

Shunt negative limiter with a positive reference 
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Negative limiter with a negative reference 





Shunt-diode negative limiter with a negative reference 


D. Dual-diode Limiters 



Dual-diode 1 imiter 
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Positive shunt diode limiter 
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Zener diode limiting 
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NOTETAKING SHEET 3. 10. IN 


CLAMPERS 


REFERENCES: 

1. Basic Electronics , Vol . II. NAVPERS 10087C. 
pages 36 to 44 . 

2. Electronic Circuits . NAVSHIPS 0967-000-120 . 
pages 13-50 to 13-61. 

NOTETAKING OUTLINE: 

A. RC Time Review 


Chapter 2, 
Chapter 13, 
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General Information 



C. Negative Diode Clampers 


1 . Negative clamper at a zero reference 



2. Negative clamper with a negative reference 
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2. Positive clamper with a positive reference (bias) 


+ 200 V 


+ 100 v 
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Positive clamper with a negative reference (bias) 


3 . 


+ 200 v 


+I00V 




Calculating the Average Charge on the Coupling Capacitor 
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NOTETAKING SHEET 3. 11. IN 
BLOCKING OSCILLATORS 


REFERENCES: 

1. Basic Electronics , Vol . II. NAVEDTRA 10087-C1. Chapter 
4 , pages 74 to 80 . 

2. Electronic Circuits . NAVSHIPS 0967-000-0120. Chapter 6, 
pages 6-134 to 6-160, 

3. Electronic Circuit Analysis , Vol. I. NAVA IP 00-80-T-79 . 
Chapter 6, pages 6-86 to 6-90. 

NOTETAKING OUTLINE: 

A, General Information 


B, Free-running Blocking Oscillator 
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INFORMATION SHEET 3.12.11 


MULTIVIBRATORS 


INTRODUCTION 

Certain areas in electronics use timing circuits to start, stop, 
or synchronize various circuits in a system. one method of 
producing these timing pulses is with multivibrators. A multi- 
vibrator is basically a two-stage RC-coupled amplifier with 
regenerative feed-back. A thorough understanding of the basic 
multivibrator circuit is a must for the RADAR technician. 


REFERENCES 

1. Basic Electronics , Vol . II. NAVPERS 10087-C . Chapter 3, 
pages 45 to 67 . 

2. Electronic Circuit Analysis , Vol. I. NAVAIR 00-80-T-79 . 
Chapter 6, pages 6-56 to 6-79. 

3. Electroni c Circuits . NAVSHIPS 0967-000-0120. Chapter 7, 
pages 7-1 to 7-64. 


General 

A multivibrator is a form of relaxation oscillator. A relaxation 
oscillator is one that makes use of the transient represented by 
the charge and discharge of a capacitance or inductance through a 
resistance . 

Free— running collector-coupled multivibrator 

Looking at the action from the point of view of transients, there 
are four different conditions that exist during one cycle of 
operation. (See figure 1.) 

They are: 

1, An extremely rapid change from Ql conducting to 02 
conducting . 

2, A long period during which is cut off and the circuit 
is relaxed . 

3, A second rapid change as Ql conducts, driving Q 2 beyond 
cutof f . 

4, A long period during which O 2 is cut off and the circuit 
i s relaxed , 

The cycle repeats as condition " 1 11 follows condition 4 • 
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FREE-RUNNING COLLECTOR COUPLED MULTI BI BRATOR 




FIGURE I - Four conditions existing in free-running 
collector-coupled multivibrator. 

Circuit operation (figure 2 ) 

Assume Ox conducts first. The voltage on the collector becomes 
negative. This is felt on the base of Q 2 and drives it beyond 
cutoff. The collector of O2 becomes positive in regard and is 
felt on the base of O2 t which causes Ox to go to saturation. As 
02 1 s collector becomes positive, Cx charges through the emitter to 
the base resistance of Ox and R2. 
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FIGURE 2 - Circuit charges. 


C ? discharges through R 4 and the forward-conducting resistance 
Oi r which keeps 0 2 cut off. As C 2 discharges, the base voltage 
of po rises toward cutoff. 0 2 starts conducting (r 9 

3), its collector becomes negative and drives Oi into cutoff. 

0! goes into cutoff, its collector becomes positive. The change 
is coupled to the base of Q 2 , driving it in o maximu rharoe 

As the collector of Qg becomes positive, it causes 2 
through Ri and the emitter-base resistance o 02 * 


+ v cc 



FIGURE 3 Circuit discharges 
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C 1 discharges through R 3 and the conducting resistance of Q 2 * Refer 
to figure 4, The pulse width of the output waveform depends upon 
the RC time in the base circuit and how long each transistor is cut 
off . 


Q l 

CUTOFF 


OUTPUT OF Q| COLLECTOR 


°2 

CUTOFF 


OUTPUT OF G 2 COLLECTOR 


FIGURE 4 - Output waveform. 

If Rx equals R 2 , R 3 equals R 4 , C 3 equals C 2 , and Ol 0 2 are matched, 
then the output waveform will be a symmetrical waveform. The 
negative time duration equals the positive time. 

Effects of varying elements in a multivibrator 

Figure 5 shows the effects when using NPN transistors. By returning 
the bases of the transistors back to V cc , frequency stability is 


One-shot multivibrator 
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Figure 6 shows a typical circuit. 




FIGURE 6 - Typical circuit. 

The one-shot multivibrator (refer to figure 6) is a two-stage 
resistance-capacitance-coupled amplifier with one transistor cut off 
and one transistor conducting normally. The condition set up by the 
biasing arrangement for the transisotrs is Qi normally cut off with 
O 2 conducting. 
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Circuit operation {refer to figure 7 ) 

A positive trigger pulse to the base of Op will cause Op _ to 
conduct and cause the collector of Qp to become less positive. 
This change is coupled t hroug h C2 a nd drives the base of O2 
beyond cutoff. The negative going voltage on the collector of Op 
causes C2 to discharge through R5 , R4 , and the f orward-conduc t i ng 
resistance of Q2 . C2 discharge until Q2 ' s base reaches cutoff, 
at which time O2 begins to conduct. More current flows through. 

R4 , which causes Op's emitter to become positive, reverse-biasing 
Op. Rp ’ s and R2 1 s voltage divide Vqq and place a constant 
voltage on the base of Q p, which is negative in respect to the 
emitter. This cuts Qp off. O2 is conducting with a low voltage 
on the collector. When 02 is cut off, the collector goes to . 



EMITTER WAVEFORM 

°l 


Q* 


OV 


CONDUCTION 


FORWARD BIAS 



FIGURE 7 - Circuit operation. 


The output frequency (refer to waveforms in figures 6 and 7 ) 
depends upon the input frequency and how long O2 18 C ^ t _ 

time Qv is cut off, depends upon the RC time of R5 and Cp the 
amolitude of the signal developed across P 3 , and the amplitude 
the reverse-bias voltage felt on its base 


The 

of 


Figure 8 shows the effect of varying the elements of 
multiv ibrator . 


the one-shot 
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Bistable multivibrator 


The bistable multivibrator has two stable states; 

1 . Oi conducting and Q 2 cut oft. 

2 . C 2 conducting and Qi cut off. 

It is also called a flip-flop or an Eccles- Jordan multivibrator. 
Figure 9 shows a transistorized flip-flop circuit: 

1. R} / R 3 , and Rg bias 02* 

2. R 2 , R 4 , and R 5 bias Oi • 

3 . Rj is a collector resistor for the input of transistor 
02 - 

4 . R 2 is a collector resistor for the output of transistor 
0 2 * 

5 . Ci and C 2 are quick-coupling capacitors. 


+ V CC 




e out 

Qi 


e out 

q 2 


FIGURE 9 - Transistorized flip-flop circuit. 
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Circuit operation (refer to figure 9) 

Assume that Qi is conducting. The collector voltage of Qj 
decreases, which places a negative voltage on the base of g 2 
through Rg, holding Q? cut off. The collector of 0 2 is positive, 
placing a positive voltage on the base of Qi , keeping it in 
conduction. A negative trigger onto the base of will cause 
Q\ 1 s collector to go positive. This charge is quick-coupled to 
the base of Q 2 , which causes O 2 to conduct, causing its collector 
to go in a negative direction. This negative change is coupled 
to the base of , causing eg to decrease conduction further. 

This action continues until goes into cutoff and q 2 goes into 

saturation. The multivibrator will stay in this state until the 
next input trigger. The output frequency is dependent upon the 
input frequency. If the circuit is fed with trigger pulses of 
the same polarity, the output will be a two-to-one countdown; 
i.e., two triggers in and one cycle out. 

Schmitt trigger 

General information 

The Schmitt trigger is primarily used to supply a square-wave 
output, when triggered by a sine wave, sawtooth, or other 
irregularly shaped waveform. It is also known as a squaring 
multivibrator or an emitter-coupled bistable multivibrator. The 
Schmitt trigger circuit differs from the conventional bistable 
multivibrator circuit in that one of the coupling (feedback) 
networks is replaced by a common- emi t ter resistor. The addi- 
tional regenerative feedback developed by the common-emitter- 
coupling arrangement provides quicker action and straighten 
leading and trailing edges on the output waveform than in other 
multivibrators. Because of the relatively instantaneous 
switching action of this arrangement, the waveform of the input 
trigger has no effect on the output so that essentially square- 
wave output signals are always produced. 

Characteristics 

1. The Schmitt trigger uses self- or fixed-bias. 

2. The Schmitt trigger provides an output gate, regardless 
of the input waveform. 

e Schmitt trigger uses two PNP or NPN transistors in a 
mmon-emi t te r configuration. 

1 lector- to-base feedback provides one switching path, while 
Tunon-em i tter-coupl ing feedback provides the other switching 
t h . 
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Basic circuit operation 

Component identification (see figure 10 ) 

1 . Rp is a collector load resistor for the input transistor 
01 - 

2. R2 is the collector load resistor for the output transistor 
02 and is used to develop the output, 

3 . R3 is the feedback resistor from Qp collector to O2 
base . 

4 . R4 is the feedback (coupling) resistor that is common 
to both emitters. It is used to improve waveshaping. 

5 . C} is a feedback capacitor, which bypasses resistor R3 to 
help speed up switching action. 

Initially, transistor O2 conducts heavily because of the large forward 
bias supplied by the voltage divider, consisting of collector resistor 
Rp , feedback resistor R3 , and base resistor R5 series-connected 
between Vqq and ground. Qp is reverse-biased by the voltage developed 
across the common emitter resistor R4 by O2 1 s current flow. 

Assume now, a sine wave input signal applied. During the positive 
half-cycle of operation, the positive input voltage on the base keeps 
Qp reverse-biased so that it cannot conduct. Since in this condition, 
the output is developing a positive signal, it is evident that the 
input and output are in phase. 

When the input becomes negative, the base of Op is driven negative and 
Op becomes forward-biased. 0 1 begins to conduct and current flows 
through Rp , As the potential at the collector decreases (becomes less 
negative), this change, coupled to the base of transistor q 2 , reduces 
q 2 t s conduction. The emitter current of Q 2 decreases, lowering the 
potential across resistor R 4 . The emitter of transistor Qp becomes 
less negative, reducing the reverse bias and increasing collector 
current. The regenerative action continues until transistor Qp is 
operating in the saturation region and transistor Q 2 is cut oft. The 
output voltage is at maximum negative (Vgg) . 

The new stable condition continues until the . input begins to rise 
(become more positive). The positive-going input decreases the base 
potential of Op and decreases forward bias. The collector voltage 
increases (becomes more negative); emitter current decreases, 
decreasing the potential across R4 . Simultaneously, the increasing 
(negative) voltage at the collector of: transistor Qp is coupled to the 
base of transistor r driving it negative; and the decreasing voltage 
across R d causes the emitter of transistor Q 2 to become more positive. 
Roth actions tend to forward-bias the emitter-base junction of 0 2 , and 
it begins to conduct. As transistor Q 2 conducts, the emitter current 
flowing through R4 increases the voltage drop across R4, making the 
emitter of Qp more negative. 
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The negative-going voltage on Qi 1 s emitter decreases the forward bias, 
and decreases the conduction of . This regenerative action con- 
tinues until Qj is cut off and Q 2 is conducting. The circuit is now 
back in its initial stable condition. 


Once started, the switching action is quickly accomplished, because of 
the extreme regenerative action of the emitter-coupled circuit. The 
rise-and- f al 1 time of the output wave of this circuit is shorter than 
that of the conventional bistable multivibrator. The shape of the 
output wave does not depend on the shape of the input wave. The width 
of the output waveform is controlled by the difference in time between 
the off-and-on reference levels. When the input waveform is sym- 
metrical and equal, a true square wave is produced. 

— V cc 


0 I 



OUTPUT (Q 2 ) ^ 


1 IGURE 10 Components of Schmitt trigger and waveforms. 
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NOTETAKING SHEET 3. 12. IN 


MULTIVIBRATORS 


REFERENCES : 

1. Basic Electronics , Vol . II. NAVPERS 10087-C 
pages 45 to 67 . 

2. Electronic Circuit Analysis , Vol. I. NAVAIR 
Chapter 6, pages 6-56 to 6-79. 

3. Electronic Circuits . NAVSHIPS 0967-000-0120 
pages 7-1 to 7-64 . 


NOTETAKING OUTLINE: 

A. General Information 


B. Astable Multivibrator 


Chapter 3, 

00-80-T-79 . 

Chapter 7 , 
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ASTABLE MULTIVIBRATOR 
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ASTABLE MULTIVIBRATOR WAVEFORMS 
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C. Monostable Multivibrator 
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MONOSTABLE MULTIVIBRATOR 
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D. Bistable Multivibrator ( Eccles- Jordan ) 
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E. Schmi t t-tr igger Multivibrator 


238 




240 






NOTES : 


STUDY QUESTIONS 


1. The output frequency of a free-running multivibrator is 

primarily controlled by 

NOTE: Refer to the free-running multivibrator schematic in 

answering questions 2-4. 

2. The charge path for C 3 is 


3. Decreasing the value of C 2 will cause the 

decrease, the PW will remain the same, 

will and the PKF will 

4. Increasing R5 and Rl to twice their value will cause the 
positive and neyative pulse widths to 

the PRT to and the PRF to 

5. Describe the basic operation of a free-running multivibrator. 


FW to 

the PRT 
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Effect of changing component values 


or 


SYNCHROGRAM OF WAVEFORMS 



To 


+ PW 

-p w 

PRT 

PRF 


+ PW 
-PW 
PRT 
PRF 


*t P W 
~PW 
PRT 
PRF 


+■ P W 


-PW 


PRT 

PRF 
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NOTES : 


STUDY QUESTIONS 


1 . 


2 . 


The output 
controlled 


frequency of a one-shot multivibrator is primarily 
by the 1 


The positive PW of the 


one-shot is primarily controlled by 


the 


NOTE : 


Refer to the one-shot multivibrator schematic 
questions 3 and 4. 


in answering 


3. The charge path for C 3 is 

4. Increasing the value of R 5 will cause the positive PW to 

/ the negative fw will t the PRT wT"TT 

and the PRF wi 1 1 

5. Describe the basic operation of a one-shot multivibrator. 
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APPENDIX A 


UNIT ELI FORMULA SHUNT 


249 



UNIT III FO RM ULA SH E E T 


I . POWER SUPPLI E S 


A. 


A-c 

1 . 


voltage relationships 

G pk ~ <1.414)E rmg ) or j 


2 ‘ E rms = (E pk > (0.707) or^i- 

B. Transformer relationships 

1 . TR = = = IS = _ AJ 

N s b s r p / Z s 

2. Z p = (TK) 2 (Z s ) 

C . Rectifiers 


1* Output d c voltages with resistive load or inductor- 
input filter " 

a. Half —wave and full- wave rectifiers 

E d-c " (Q*45)(E sec ) (Preferred) 

b. Bridge rectifiers 

^d-c " (0.9)(E sec ) (Preferred) 

2 * Output d-c voltages with capac i tor- i npu t filters 
a. Half-wave and bridge rectifiers 


E d-c ^sec pk 
b» Full-wave rectifiers 


(Approximation/ 
preferred ) 


3. 


k'd-c ” (l/2)(E sec p k ) 
Voltage doublers (half-wave and 


(Approximation/ 
preferred ) 

full-wave ) 


E d~c ( 2 ) (fi sec pk ) 


(Approximation/ 
preferred ) 
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D. Filters 


II . 


1. Percentage of ripple = p - r ^ x 100 

^d-c 


2. E d _ c at "B" = B R L 


at "B" = E R l = 


5. 


(E d „ c at "A") ( R l ) 


Rr + R, 


3 • Eh— n — 

(E d _ c at "A") - IR drop 


4 . Erin at "B" - E x c - - v _ x 


'r ip 

(E r i a at "A") X L 


( E r ip at " A " ) t 

= r r “*r 


( E 


r ip 


"aF^B”) X c 


(Preferred) 

(Of tlie choke) 

( Preferred ) 


6. Percentage of regulation Efull load 


(Approx in a t i on ) 
K no load ” E f u 1 1 load x ^ q q 


POW ER AMPLIFIERS 
i\ . Input power d-c 

1 . collector power d-c = dc )(V CE ) 

2. Collector circuit power d-c = (Ic^ v CC^ 
3 , C i rc u i t po we r d— c - (IcC^^CC^ 

B* Efficiency 

^a_c 


Percentage of efficiency p^_ ( 


100 


a-C 


Cl - ^ y ^ (JQ 

Percentage of collector efficiency (I c )(V Cfc: > 
percentage of collector okt. efficiency 


p a -._c x ioo 

( I c ) (v cc ) 


Pa_c 


4. Percentage of circuit efficiency « (ICC )(VCC) 


x 100 
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Ill . 


CAPACITANCE AND RC TIME 


A. Total capacitance 
1 * Series circuits 


a . 


_1 s _I + JL . _1 

C T C 1 C 2 C 3 ' 


etc . 


2 . 


b • C'j* 


(Cl) (C2) 

(Cl) + <c 2 ) 


Parallel circuits 


- Cl + C 2 + C 3 , etc. 

B. Charge in coulombs 


1 . 

Q - 

(C) (E) 



2 . 

Qrjn ~ 

+ ^C 2 , etc . 

(For parallel 

circuit) 

3. 

Qt ~ 

( Crp ) ( E ) 

(For a series 

ci rcu i t ) 


C. Kirchhoffs voltage law 
(E a ) + (E c ) + (E r ) = 0 

D. RC switching circuits 

1. T a RC 

2 . ^-effective = e r 

3. Five step method: 

a. Find E eff [(B a ) + (E c ) + (e r ) * 0] 

b. Find the number of time constants: 

No. of TC = swit ch time Then convert to percentage 
RC time of change from the chart 

c. Find the change of E c : 

AE C - ( % A ) (E eff ) 

d. Find E c _ new = (E Cold ) + ( AEc ) 

e. Find E R . new = [ <B a ) + (E Cnew ) + (E R ) = 0] 
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iv. 


IND UCTANCE AND_L/R_T I ME 
A. Total inductance 

1 . Series circuit: 

a. L x = Li + L 2 + L 3 , etc. 

b. L t = Li + L 2 + 2M 

2. Parallel circuit: 


a . 


1 



b . Lrp 



etc . 


Lx x L 2 
L 1 + L 2 


B. 


Inductance 


1.257 gN 2 _S 
lO^L 


(NO coupling) 
(WITH coupling 


C. Mutual inductance 
M — K /L p L <- 

D. Coefficient of couplings 
K = 

E. Rate of change of current 

( Al) = EL E l = L ( ) 

v A t ; L 

p. L/R switching circuit 
1. T = L/R 


2 . 

3. 


Find I max 


Find the number of time constants: 


„ _ s witc h time 
No. of TC - l/R* time 


Then convert to percentage 
change from the chart. 


of 


4. Al = ( % A ) ( I m a x ^ 

5. I n ew = (I old> ± (AI) 

6. Find E Rn ew = (R> (1 new> 

7. Find E L = HE a ) + < E Rnew> + (E L> " 01 
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v . NONS INUSU DIAL WAVEFORMS 

A. D-c average of a square wave and a triangular 
(back-to-back sawtooth). 


d-c 


= ( AE) ( P. P.W. ) 
av 9 ( PRT ) 


+ ( E base) 


B. D-c average of a sawtooth with rest time and 
sawtooth 


_ <AE)(p.p.w.) . - 

^ava n /“tvtvtTT + \ 


' av Q ” " 2 ( PRT) 
VI * WAVESHAPING CIRCUITS 
A . i = ( Ae) (C) 


E ba 


se 


( At) 


B. 


L max 

V I 1 . SWEEP GENERATORS 
A. General 


Ae) (RC) 

~TKVr~ 


1. Rate of change = Effective 


2 . % A = 


AE/ 


E ef f ec t i ve 
3. PW - (No. of TC ) ( RCT ) 

B. U.J.T. sweep generators 

(V BB ) (r bb ) 


RC time 
x 100 


1 . V 


B 2 B 1 


R 


BB 


R 2 


2 * £ P ~ V p ” B ) + V D 


3 * E ef f ect ive “ V EE " E ext inguish ing 
4. AE C f p E ext inguishing 

C. S.C.R. sweep generators 


1. No. of TC = PRT o£ trigg ers 

RC time ' 


i, V T0 - v turn off “ Extinguishing 
3 * Effective = E ~ V^q 


wave 


a continuous 
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VI II. LIMI TERS 

E r drop = (d-c avg _i n ) - ( d ‘ c avg-out> 

I X . CLAM PERS 

A. E^ = ( Ep^- in ^ "* ^ E pk~out ^ 

B. E c = (E base -in ) " < E base-out> 

C. E c “ (d~c aV g-.i n ) ** ( d *" c avy-out> 
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RC PERCENTAGE CHANGE TABLE 


No. 

% 

% 

RC 

Change 

Remain 

0.0 5 

4.877 

95.123 

0.10 

9.516 

90.484 

0 .15 

13.929 

86.071 

0 . 20 

18.127 

81.873 

0.25 

22.120 

77.880 

0.30 

25.918 

74.082 

0 .35 

29.531 

70.469 

0 .40 

32.968 

67.032 

0 .45 

36.237 

63.763 

0.50 

39.347 

60.653 

0.55 

42.305 

57,695 

0 .60 

45.119 

54.881 

0.65 

47.795 

52.205 

0.70 

50.341 

49.659 

0.75 

52.763 

47.237 

0.80 

55.067 

44.933 

0.85 

57.259 

42.741 

0.90 

59.343 

40.657 

1.00 

63.212 

36.788 


No. 

% 

O. 

o 

RC 

Change 

Rema i n 

1.05 

65.006 

34.994 

1.10 

66.713 

33.287 

1.15 

68.336 

31.664 

1.20 

69.881 

30.119 

1.25 

71.350 

28.650 

1.30 

72.747 

27.253 

1.35 

74.076 

25.924 

1.40 

75.340 

24 .660 

1.45 

76.543 

23.457 

1.50 

77.677 

22.313 

1.55 

78.775 

21.225 

1.60 

79.810 

20. 190 

1.65 

80.795 

19. 205 

1.70 

81.732 

18.268 

1.75 

82.623 

17.377 

1.80 

83.470 

16.530 

1.85 

84 . 276 

15.724 

1.90 

85.046 

14.957 

2.00 

86,466 

13.534 


No. 

O. 

*b 

% 

RC 

Change 

Rema i n 

2.0 5 

87.127 

12.873 

2.10 

87.754 

12 . 246 

2.15 

88.352 

11.648 

2.20 

88.920 

11.080 

2.25 

89.460 

10.540 

2 . 30 

89.974 

10.026 

2.35 

90.463 

9.536 

2.40 

90.928 

9.072 

2.45 

91.371 

8.629 

2.50 

91.792 

8.208 

2.55 

92.192 

7.808 

2.60 

92.573 ' 

7.427 

2.65 

92.935 

7.065 

2.70 

93 . 279 

6.721 

2.75 

93.607 

6.393 

2.80 

93.919 

6.081 

2.85 

94 .216 

5.784 

2.90 

94.498 

5.50 2 

3.00 

95.021 

4.979 


3.05 

95.264 

4.736 

3 . 10 

95.495 

4.505 

3.15 

95.715 

4.285 

3.20 

95.924 

4.076 

3.25 

96.123 

3.877 

3 . 30 

97.312 

3,688 

3 . 35 

96.492 

3.508 

3.40 

97.663 

3.337 

3.45 

96.825 

3.175 

3.50 

96.980 

3.020 

3.55 

97.128 

2.872 

3.60 

97.268 

2.732 

3.65 

97.401 

2.599 

3.70 

97.528 

2.472 

3.75 

97.648 

2.352 

3.80 

97.763 

2.237 

3.85 

97.872 

2. 128 

3.90 

97.976 

2.024 

3.95 

98.075 

1.925 

4.00 

98. 169 

1.832 


4.05 

98.257 

1.743 

4.10 

98.343 

1.657 

4.15 

98.423 

1.577 

4.20 

98.500 

1.500 

4.25 

98.573 

1.427 

4.30 

98.643 

1.357 

4.35 

98.710 

1.290 

4.40 

98.773 

1.227 

4.45 

98.830 

1.170 

4.50 

98.889 

1.111 

4.55 

98.943 

1.057 

4.60 

98.998 

1.00 5 

4.65 

99.043 

0.957 

4.70 

99.090 

0.910 

4.75 

99.134 

0.866 

4.80 

99.177 

0.823 

4.85 

99.217 

0.783 

4.90 

99.255 

0.745 

4.95 

99.291 

0.709 

5.00 

99.326 

0.674 


5.05 

99.359 

0.641 

5.10 

99.390 

0.610 

5.15 

99.420 

0 . 580 

5.20 

99 . 448 

0.552 

5.25 

99.475 

0 . 525 

5.30 

99.501 

0.499 

5.35 

99 .525 

0.475 

5.40 

99 . 548 

0.452 

5.45 

99.570 

0.430 

5.50 

99.591 

0.409 

5.55 

99.611 

0.389 

5 . 60 

99.630 

0.370 

5.65 

99.648 

0.352 

5.70 

99 . 665 

0.335 

5.75 

99.681 

0.319 

5.80 

99.697 

0.303 

5.85 

99.712 

0.288 

5.90 

99.726 

0.274 

5.95 

99 . 739 

0.261 

6.00 

99.752 

o 

to 
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RC PERCENTAGE CHANGE TABLE 


No . 

o. 

% 

RC 

Change 

Rem a i n 

0.05 

4.877 

95.123 

0 . 10 

9.516 

90.484 

0 . 15 

13.929 

86.071 

0 . 20 

18.127 

81.873 

0 . 25 

22.120 

77.880 

0 . 30 

25.918 

74 . 082 

0 . 35 

29.531 

70.469 

0 . 40 

32.968 

67.032 

0 . 45 

36.237 

63.763 

0 . 50 

39.347 

60 .653 

0 . 55 

42.305 

57 .695 

0 . 60 

45.119 

54.881 

0 . 65 

47.795 

52.205 

0 . 70 

50.341 

49.659 

0 . 75 

52.763 

47.237 

0 . 80 

55.067 

44.933 

0 . 85 

57.259 

42.741 

0 . 90 

59.343 

40.657 

1 . 00 

63.212 

36.788 


No . 

% 

% 

RC 

Chang e 

Remain 

1.05 

65.006 

34.994 

1.10 

66.713 

33 . 287 

1 . 15 

68.336 

31.664 

1 . 20 

69.881 

30 .119 

1 .25 

71.350 

28.650 

1.30 

72.747 

27.253 

1.35 

74.076 

25.924 

1.40 

75.340 

24 .660 

1 .45 

76.543 

23.457 

1.50 

77.677 

22.313 

1 . 55 

78.775 

21.225 

1 . 60 

79.810 

20.190 

1 .65 

80.795 

19.205 

1.70 

81.732 

18.268 

1.75 

82.623 

17.377 

1 . 80 

83.470 

16.530 

1.85 

84 . 276 

15.724 

1.90 

85.046 

14.957 

2.00 

86.466 

13.534 


No . 

% 

% 

RC 

Change 

Rem a i n 

2.0 5 

87.127 

12.873 

2. 10 

87 .754 

12.246 

2.15 

88.352 

11.648 

2 . 20 

88 .9 20 

11.080 

2.25 

89 .4 60 

10 . 540 

2.30 

89.974 

10.026 

2.35 

90.463 

9.536 

2.40 

90.928 

9.072 

2.45 

91.371 

8.629 

2.50 

91.792 

8.20 8 

2.55 

92.192 

7.808 

2.60 

92.573 ' 

7.427 

2.65 

92.935 

7.065 

2.70 

93 . 279 

6.721 

2.75 

93.60 7 

6.393 

2.80 

93.919 

6.081 

2.85 

94.216 

5.784 

2.90 

94.498 

5.50 2 

3.00 

95.021 

4.979 


3.05 

95.264 

4.736 

4.05 

98.257 

1.743 

5.05 

99.359 

0.641 

3 . 10 

95.495 

4.505 

4.10 

98.343 

1.657 

5.10 

99.390 

0.610 

3 . 15 

95.715 

4 . 285 

4.15 

98.423 

1.577 

5.15 

99 .420 

0.580 

3 . 20 

95.924 

4.076 

4.20 

98.500 

1.500 

5.20 

99 . 448 

0.552 

3 . 25 

96.123 

3.877 

4.25 

98.573 

1.427 

5.25 

99.475 

0.525 

3 . 30 

97.312 

3.688 

4 . 30 

98.643 

1.357 

5.30 

99.501 

0.499 

3 . 35 

96.492 

3.508 

4.35 

98.710 

1.290 

5.35 

99.525 

0.475 

3 . 40 

97.663 

3.337 

4.40 

98.773 

1 , 227 

5.40 

99.548 

0.452 

3 .45 

96.825 

3.175 

4.45 

98.830 

1.170 

5.45 

99.57U 

0.430 

3 . 50 

96.980 

3.020 

4.50 

98.889 

1.111 

5.50 

99.591 

0.409 

3 . 55 

97.128 

2.872 

4.55 

98.943 

1.057 

5.55 

99.611 

0.389 

3 . 60 

97.268 

2.732 

4 .60 

98.998 

1.005 

5.60 

99.630 

0.370 

3.65 

97.401 

2.599 

4.65 

99.043 

0.957 

5.65 

99.648 

0.352 

3 . 70 

97 .528 

2.472 

4.70 

99.090 

0.910 

5.70 

99 . 665 

0.335 

3 .75 

97.648 

2.352' 

4.75 

99.134 

0.866 

5.75 

99.681 

0.319 

3 . 80 

97.763 

2.237 

4.80 

99.177 

0.823 

5.80 

99.697 

0.303 

3 .85 

97.872 

2. 128 

4.85 

99,217 

0.783 

5.85 

99.712 

0.288 

3 . 90 

97.976 

2.024 

4.90 

99.255 

0.745 

5.90 

99.726 

0.274 

3 .95 

98.075 

1.925 

4.95 

99.291 

0.709 

5.95 

99.739 

0.261 

4 . 00 

98. 169 

1.832 

5.00 

99.326 

0.674 

6.00 

99.752 

0.24 8 
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